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Abstract I 
This study aims to identify risk factors for malaria related to landscape, 
environmental, and socio-economic and human behaviour variables in the Red River 
basin area, Yunnan, China, to develop a predictive model of malaria spatial 
distribution, and to utilise these to improve malaria surveillance and control in the 
basin area. 
Yunnan is one of the most endemic areas for malaria in China today, particularly in 
the Red River basin and its border areas. Chloroquine-resistant falciparum malaria is 
continuing to increase, partly due to immigration and socio-economic development 
for agriculture in the region. Traditional intensive surveillance systems for malaria are 
becoming unreliable. The terrain shows considerable variation and some of it is 
relatively inaccessible. The environment, particularly its land use pattern keeps 
changing. The present study has used geographical information systems (GIS) and 
satellite imagery data to identify malaria risk factors related to landscape and 
environmental data and to develop a predictive model in hope of predicting the risk of 
malaria transmission and outbreaks and guiding malaria control in the Red River 
basin area. 
The work is in two phases: 
Phase I was a retrospective ecological study. It used basic GIS techniques to analyse 
routine malaria data, and existing environmental and ecological data in the Red River 
basin area primarily to identify major determinants of malaria spatial distribution 
related to landscape and environmental variables. The malaria data were those were 
reported from villages through health care systems. In view of their limitations of 
accuracy and coverage, phase II was undertaken. However, The work of the phase I 
study helped to formulate the specific hypotheses for phase II study. 
Phase II study was a prospective study. Malaria incidence data were collected in a 
field survey of the whole study population by our own research team. Malaria 
incidence data were integrated with altitude data derived from terrain maps and a land 
use map derived from SPOT 4 imagery data into the GIS. Multilevel Poisson 
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regression modelling were used to model landscape and land use determinants of 
malaria. 
The phase I study was carried out in one county of the Red River basin area, 
Yuanyang County, Yunnan, China. Malaria and population data at the level of 
administrative village were collected in 131 administrative villages of the county. 
Terrain maps, the land use map, soil map and administrative boundaries of Yuanyang 
as well as malaria risk maps were integrated within GIS. The data were analysed by 
modelling the risk of malaria in the administrative villages and their landscape and 
environmental variables generated from GIS. The results of the analysis revealed that 
spatial distribution of malaria was determined by the landscape and land use patterns 
in the administrative villages. Malaria was negatively correlated with mean altitudes 
of administrative villages, but more paddy and forest would increase the risk of 
malaria in the villages. 
Phase II study was carried out in the Feng Chun Ling Township of Yuanyang County 
from May to December 1998. The entire population of 24,280 in 5,007 households 
was included in the study. Around 14% of the study cohort, mostly from the 
mountains, however, had a history of temporary migration to the lowlands where 
malaria is highly endemic during the study period. A total of 649 malaria cases 
(including 3 mixed infections) were identified in the study cohort during the 7-month 
period. Of the 649 malaria cases, 400 cases were from the population with a history of 
temporary migration during study period. The overall risk of people with and without 
temporary migration history were 118.6 and 12.1 per 1000 persons, respectively, 
during the 7-month study period. The relative risk of the migrated population against 
non-migrated population were 9.8, suggesting the migrated population had around 10- 
fold higher risk of malaria than those of non-migrated population. Only 334 
indigenous malaria cases out of all malaria cases (649) in the study were used for 
further analyses and model building. The 
' 
risk for P. vivax indigenous malaria was 17.8 
per 1,000 person years at risk and for P. falciparum was 6.9 per 1,000 person years at 
risk. Malaria data were integrated with household locations identified by Global 
Position Systems (GPS), a land use map derived from a SPOT 4 image and terrain 
maps into GIS. 
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The results of multilevel Poisson regression modelling in phase II study revealed that 
indigenous malaria is negatively correlated with altitude - for P. vivax and P. 
falciparum. Paddy and forest would increase the risk of malaria, but the effect of 
forest on malariareached a plateau at- certain level of the forest coverage. The mosquito 
net is protective for indigenous malaria in the analysis. The protective efficacy for P. 
vivax is 40% and P. falciparum 29%, respectively. 
In conclusion, malaria transmission in the study area is primarily determined by the 
environmental variables particularly altitude, paddy and forest in the Red River basin 
area. But human behaviour such as temporary migration and the use of mosquito nets 
play a very important role in determining the malaria spatial pattern in the study area. 
Malaria control and surveillance should focus on the lower altitude areas and the 
mobile population in the Red River basin area. The overall temporarily migrated 
population plus population living below 1,200 metres accounted for 44.2% 
(10734/24280) of total population, but accounted-ýr 85.7% (559/652) of total malaria 
cases during the study period, while migrant plus those living under 800 metres 
accounttfor 73.6% (480/652) of cases in only 21.2% (5155/24280) of the population 
Future development of land should be aware of the potential for malaria and other 
vector borne disease risk arising from expansion of paddy field and deforestation, 
which will provide breeding sites for mosquitoes, particularly in the middle and lower 
altitude areas. Subsequently, they might result in malaria and other vector borne 
disease outbreaks or epidemics. The first priority of malaria control strategy in the 
immediate future is to encourage local residents and 'downhill' migrants to use 
mosquito nets and to ensure these are regularly treated with insecticides. 
Chemoprophylaxis and other control measures need to be explored for the temporarily 
migrating population in the Red River basin area. 
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Chapter 1 
Introduction 
1.1 Rationale and background 
Malaria continues to rank as one of the top threats to human beings in the world. Over 
2,200 million people are still exposed to malaria risk today. 300 -500 million clinical 
cases and 1.5-2.7 million malaria deaths occur worldwide each year (WHO, 1993). In 
some areas, the malaria situation is deteriorating as a result of environmental changes, 
deforestation, reused land, possible climate change, increasing travelling, increasing 
drug resistance, and military conflicts and civil unrest. Recent re-assessment of its 
global malaria control strategy by the World Health Organisation (WHO) pointed to 
the need for development of more flexible and more reliable malaria control 
approaches, which considered the requirements of local conditions (WHO, 1993). An 
essential element in this development is recognising the variability of environmental 
and epidemiological parameters, which influence malaria transmission. One of the 
four key technical elements of the strategy is to detect epidemics early so as to contain 
or prevent them. Geographical information systems (GIS) and remote sensing (RS) 
might help health planners and policy makers to make more effective control 
strategies. This thesis describes a study using GIS and remote sensing as the tools to 
study the malaria situation in the Red River basin area, Yunnan, China, in the hope of 
finding useful environmental indicators to predict in which areas resources should be 
concentrated so as to have maximum benefit in the area. 
Malaria is still one of most important public health problems in Yunnan Province, 
China today. Although considerable control of the disease has been achieved in the 
past three decades, a recent resurgence in malaria has been noted and more fatal cases 
have been reported in some parts of the province since the middle of the 1980s, 
particularly for Plasmodium falciparum infection (Zhu, 1994). According to the 
statistical data from the Yunnan Institute of Malaria Control (YIMC) from 1991 to 
1995, around 20,000 to 30,000 malaria cases were reported in the province annually. 
Ten counties with a combined population of 2.5 million in the Red River basin area 
(the total population of Yunnan was 38 million in 1995) accounted for around 40% of 
the total malaria cases (35.5%, 37.8%, 44.3%, 45.4% and 38.5% from 1991 to 1995, 
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respectively) in Yunnan. Twenty-six counties in the border areas (two counties 
overlapped with the Red River basin area) with a combined population of about 5 
million accounted for about 50% of malaria cases in the province. The spatial 
distribution of malaria at county level from 1991-1995 is shown in Figure 1.1. Malaria 
remains highly endemic in the Red River basin area possibly because its natural 
climate, landscape and environmental conditions are in favour of mosquito breeding 
and malaria transmission (Ling et al., 1936; Wang et al., 1957; Zhang, 1990; Zhao, 
1993). On the other hand, the epidemics of malaria in the Red River basin area in the 
recent decade may be also attributable to the exploitation of the areas for economic 
development (Advisory committee on malaria, MoH, 1994). Large-scale deforestation 
has been carried out for banana plantations, upland dry rice, tea, sugarcane, bananas 
and other tropical fruits in the Red River basin area since the early 1980s. Many 
people have been moving into the areas for agricultural development, for economic 
reasons, from outside the basin area. They are mostly from less endemic or non- 
endemic areas for malaria, where they have little or no immunity to the disease. 
Besides, the local residents in the basin areas living at the middle and top of 
mountains where malaria transmission is less intensive or there is no transmission, 
also come down to the bottoms of the mountains to plant tropical fruits and crops in 
places where the temperature is very high, and malaria is intensively transmitted. The 
places where they work and live are poor in terms of communications and health 
services, and have little in the way of malaria control programmes. Once they are 
infected with malaria, they bring malaria back to their local villages where malaria is 
less intensively transmitted, causing malaria outbreaks in the local villages (Advisory 
Committee on Malaria, MoH, 1995). Deforestation and agricultural reuse of the land 
has provided excellent environmental and ecological conditions and more breeding 
sites for Anopheles minimus (Molineaux, 1988), a major malaria vector in the basin 
area, and poor housing conditions make people easily accessible to the mosquitoes. 
Nevertheless, the commercial exploitation of the zone in the lower elevation areas 
remains a top priority policy now for the local government because of over-population 
at the middle and top of the mountains in the areas. More land will be reused to plant 
crops and tropical fruits in the near future, which will increase pressure on present 
malaria control programmes in the Red River basin area. 
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Chloroquine continues to be used as the first line antimalarial drug in the Red River 
basin area although it ceased to be used in the border areas in the early 1980s because 
of the increasing resistance of P. falciparum to it (Che et al., 1986). Today, there is 
increasing concern regarding the effectiveness of chloroquine in the Red River basin 
area, with some practitioners reporting increasing treatment failures, while others, for 
reasons unrelated to patient welfare, no longer prescribe chloroquine. A study 
concerning sensitivity of P. falciparum in vitro to available antimalarial drugs was 
carried out in the basin area in 1993 (Yang et al., 1994), and indicated that the 
proportion of P. falciparum resistant to chloroquine and piperaquine was 78.9% and 
72.9% respectively. From 1995 to 1996, a further in vivo study revealed that the 
proportion of P. falciparum resistant to chloroquine was around 90.5% in the Manhao 
Town of the basin area (Guo et al., 1998). P. falciparum resistant to chloroquine may 
contribute to the increase in fatal cases of malaria among local residents and 
immigrants in the basin area in recent years (Guo Hong-Ping, personal 
communication). 
The distribution of malaria is not homogeneous in the Red River basin area. There are 
considerable variations of malaria incidence at different altitudes (Ling et d, 1936; 
Williams, 1941; Wang et aL, 1957; Zhang, 1990; Zhao, 1993). Malaria is mainly 
distributed in the lower altitude areas, and the endemicity of malaria is less intensive 
in the areas with altitudes over 1,200 metres in the area (Zhu, 1994). Agriculture in 
the lower altitude areas tends to increase malaria transmission and now leads to 
epidemics (Zhu el aL, 1994; Xu & Liu 1997). Most immigrants clustered in the valley 
to plant tropical crops and fruits and this resulted in focal malaria epidemics in the 
valley (Advisory committee on malaria, MoH, 1993). 
Funding is one of main problems of malaria control in Yunnan today (Yang et al., 
1999). Due to inflation and increasing prices of anti-malarial drugs and insecticides, 
malaria control programmes have contracted, particularly in remote, newly exploited 
areas in the Red River basin area. In reality, malaria control has for some time been 
slack and existing reporting and surveillance systemspoor because of inadequate 
funding and privatisation of some local health facilities, and local or village doctors 
who are generally unwilling to report malaria cases to the malaria control authorities. 
According to the Advisory Committee on Malaria of the Ministry of Health (MoH), 
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the actual number of malaria cases was about 5-6 times more than were reported in 
Yunnan (Advisory Committee on Malaria, MoH, 1993; 1994; 1995). Most unreported 
cases were falciparum malaria. This situation is apparently even worse in the highly 
endemic areas, such as the Red River basin and border areas. A recent survey revealed 
that the actual number of malaria cases was 10 times more than had been reported in 
the areas (Yang Huang, personal communication). Current malaria stratification 
systems simply classified all the Red River basin and border areas in Yunnan as 
"highly endemic" (Zhou, 1981; Zhang, 1991; Liu et aL, 1995) although considerable 
variation of malaria transmission exists in the areas. This might result in malaria 
control measures being applied indiscriminately or simply no control measures at all 
because of insufficient funds to cover so large an area. In reality, malaria control 
measures are not carried out until an outbreak is reported in a place in the Red River 
basin area -. Therefore, an effective predictive system 
for the Red River basin 
area is urgently required to enable health authorities to use the limited funds available 
for malaria control in the areas of relatively highest malaria risk. 
Geographical information systems are computer hardware and software packages 
concerned with the capture, storage, manipulation, query, display and analysis of any 
and all types of geographical information (Burrough, 1986; Aronoff, 1989; DeMers, 
1997). Geographical information plays an important role in the study of disease 
epidemiology. A study by John Snow (1849) to identify the source of cholera in the 
nineteenth century is often cited to show the importance of spatial distribution to 
understanding of diseases. Burkitt (1962) published the geographical distributions of 
the cases of malignant lymphoma in Africa that led to the hypothesis that an insect 
vector was important in the aetiology. The principle of using geographical 
information in disease epidemiological studies, especially for vector-borne diseases is, 
according to Pavlovsky's classic concept of 'landscape epidemiology' and the 
'doctrine of nidality' (Pavlovsky 1945 & 1966), that a disease has its natural habitats 
in well-defined ecosystems where pathogen, vectors, and natural hosts form 
associations, within which the pathogen circulates. Therefore, the distribution of a 
disease is limited by a variety of factors related to its environment, host, SOciO- 
economic conditions and vectors, and vectors are also affected by the environment. 
Both the factors and the sites of infection and disease can be geographically defined. 
However, quantitative evaluation in epidemiology and ecology had few methods for 
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handing spatial geographical data readily, so that such aspects were either neglected 
or handled in a crude way prior to adequate computing facilities. Geographical 
information systems and remote sensing technology should facilitate work in these 
areas (Bradley, 1994 & 1999). 
Remote sensing provides the capability to collect uniform measurements in digital 
form over a large area at high speed (Aronoff, 1989; Mather, 1999). The data derived 
from remote sensing such as land use pattern, land cover and meteorological surrogate 
data, are particularly useful for malaria epidemiology and study of its vectors as has 
been extensively reviewed (Hugh-Jones, 1989; Washino & Wood, 1994; Hay et al., 
1996; Thomson et al., 1996; Hay et al., 1998a). The power of GIS is its ability to 
effectively integrate various sources and types of geo-referenced data, and to easily 
update, and efficiently manipulate and display the various spatial data from a large 
area in a single analysis. Various data sources can be incorporated into a GIS, 
including existing maps, aerial photographs and satellite images as well as censuses, 
routine data, epidemiological surveillance data, and data from other specific studies. 
Remote sensing data can be a theme or a layer in a GIS. Nevertheless, most available 
geographical and environmental data resources are not generally used in the health 
sector although they are often used in other fields (e. g. agriculture, water agencies, 
meteorological organisations, and soil and forest management authorities). In reality 
within health, GIS and remote sensing have primarily been used to study vector-borne 
diseases (Hugh-Jone$, 1989; Washino & Wood, 1994; Mott et al., 1995; Openshaw, 
1996; Hay et al., 1996). However, previous studies mostly concentrated on either 
mapping vector breeding sites based on landscape features, vegetation, soil in a 
relatively detailed scale, or predicting vector abundance and population dynamics in 
relatively large areas by using macro-environmental factors such as temperature, 
rainfall, normalised difference vegetation indexes (NDVI), greenness and wetness, 
cold cloud duration (Linthicurn et al., 1987; Rogers & Randolph, 1991; Wood et 
al., 1992; Beck et al., 1992; Randolph, 1993; Beck et al., 1994 ; Kitron et al., 1994; 
Roberts et al., 1996; Rejmankova et al., 1996; Thomson et al., 1996; Hay et al., 
1996; Cross et al., 1996; Sharma et al., 1996; Beck et al., 1997; Gleiser et al., 1997; 
Glass et aL, 1995; Robinson et al., 1997a &1997b; Dister et al., 1997; Lobitz et al., 
2000). Detailed literature reviews concerning GIS and remote sensing and their use in 
studying malaria and its vectors, will be described in Chapter three. Some studies 
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have used rather simple models and there is a scarcity of work verified by field data 
sets. There have been few attempts to use GIS to predict the occurrence of vector- 
borne diseases based on environmental factors and remotely sensed data (Kitron et aL, 
1994; Malone et A, 1994; Glass et aL, 1995; Nicholson & Mather, 1996; Kitron et 
aL, 1997; Malone et aL, 1997; Hays et aL, 1998b). More recently, people used GIS 
and remotely sensed data to map malaria and other vector-borne diseases by simple 
modelling (Craig et al., 1999; Snow et aL, 1999a; Snow et A, 1999b; Lindsay & 
Thomas, 2000). Some studies use GIS to help study malaria epidemiology (Thompson 
et aL, 1997; Binka & Smith, 1998; Hightower et aL, 1998; Barrera et aL, 1999, 
Lindsay et al., 2000; Thomas & Lindsay, 2000). The major focus of the present study 
is to use GIS and remote sensing techniques to directly identify landscape and 
environmental characteristics and socio-economic and human behavioural factors 
related to malaria transmission and distribution and to make spatial predictions of the 
disease. 
1.2 General Objectives 
the 
The overall aims of ,, 
study were to identify risk factors for malaria related to landscape, 
environmental, ecological and socio-economic and behaviour variables, to develop a 
predictive model of malaria spatial distribution, and to utilise this to improve malaria 
surveillance and control in the Red River basin area of Yunnan, China 
1.3 General hypothesis 
Geographical information systems, integrated with remote sensing and other data 
sources, can be used to map and identify landscape, environmentalfeatures related 
to malaria distribution andprovide reliable spatial predictions of malaria in the Red 
River basin area of Yunnan, China. 
1.4 Strategy of study 
In order to test the hypothesis, the following steps have been used in the present 
study: 
Step 1. Phase I study (May - June, 1997): to use basic GIS techniques to analyse 
routine malaria data and existing environmental and ecological data in the Red River 
basin area, and identify landscape features correlated with the spatial distribution of 
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malaria, and to formulate a preliminary predictive model for the area. The malaria 
data were those that were reported by villages through health care systems. In view of 
their limitation of accuracy and coverage, phase II was undertaken. However, the 
work in phase I study contributed to the formulation of specific hypotheses for the 
phase II study, which was the main field study. 
Step 2. Phase II study (Apri I- Dec. 1998): Phase Il main field study was a prospective 
study. Malaria incidence data were integrated with the geographical location of tk 
household derived fronitGlobal Positioning System (GPS), altitude data derived from 
terrain maps and a land use map derived from SPOT 4 imagery into the GIS. Malaria 
incidence data were collected in a field survey of the whole study population during 
the main transmission season. The study created a geo-referenced data set of malaria 
spatial distribution and measured environmental and landscape factors related to the 
spatial distribution of malaria in the study area, then a predictive model of the study 
area was developed. 
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Chapter 2 
Malaria and its landscape epidemiology in Yunnan, China 
2.1 Geographical and meteorological characteristics in Yunnan 
2.1.1 Geography 
Yunnan is located in the southwest of China at 97" 3 VE - 106 " 12' Ey 211 08'N - 291 15' N 
with a total area of 394,000 km2. It has borders with Myanmar, P. R. Laos and Vietnam in the 
West and Southwest (Figure 2.1). It shares a1 border of 4,061 km with the three 
counties. It is as geographically distinctive as it is diverse. Yunnan is set in the foothills of 
the Himalayas and directly connects with the plateau of Tibet in the north, faces to India and 
the Pacific Ocean in the south, and is directly affected by the Southeast and Southwest 
monsoon. 
The terrain of Yunnan consists of mountainous and plateau features. 94% of its land 
comprises plateau and mountain. The altitude progressively decreases from the Northwest to 
the Southeast of the province (Figure 2.2). The highest place, Ke Ge Bao Peak in the Mei Li 
Xie Mountain, is at an altitude of 6,740 metres in the Northwest, and the lowest place is only 
76.4 metres above sea level and lies in Haikou County, near the border with Vietnam at the 
Red River in the Southeast of the province. The terrain can be divided into three strata. 
Stratum I includes the areas of the Northwest of province, its altitude is around 3,000 to 
4,000 metres and most mountains are over 5,000 metres in this stratum. Stratum 11 includes 
the middle parts of Yunnan, its altitude is around, 2,300 to 2,600 metres, but the basin areas 
at the bottom are around 1,700 - 2,000 metres, while the peaks of the mountains usually 
reach 3,000 - 3,500 metres in this stratum. Stratum III includes the areas of Southern Yunnan 
and the border areas of the Southeast and Southwest of the province. it consists of hills with 
an altitude of 1,200 -1,400 metres and of plains and valleys with altitude less than 1,000 
metres (Wang, 1990). On average, altitude decreases 6 metres per kilometre from the north 
to the south. The topographical features of the province are basically plains, valleys, and 
mountains. People mainly resi de in the plains. -which only account for 6% of its total land. 
However, migrant populations and ethnic minority groups tend to live in the valley and 
mountain areas. 
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, igure 2.1. The geographical location offunnan, China 
Myanmar 
P. R. Laos 
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There are plenty of water resources in Yunnan. Six very large river systems (Figures 2.1 and 
2.2), namely, the Liujiang, Mekong River, Jinshajiang, Red River, Nanpanjiang, and 
Lixianjiang rivers, generally run from north to south or to the east. The major rivers usually 
flow through the deep valleys between high mountains. Malaria is mainly distributed along 
those rivers and their feeder streams in the province (Ling et A, 1936; Zhou, 1991; Zhu et 
al., 1994). 
2.1.2 Climate 
The climate is tropical and /or subtropical plateau monsoon with a variety of climatic zones 
in the province, namely the torrid, temperate and frigid zones. The dry continental monsoon 
prevails from December to April, and the wet oceanic monsoon from May to October. The 
integration of high latitude with high altitude in the north, and low latitude with low altitude 
in the south makes for considerable variation of climate within the province. The climate in 
the central part of Yunnan is generally mild, which falls into the temperate zone. The South, 
the Southeast and the Southwest bear the characteristics of the tropical rain forest climate 
which falls into the torrid zone while the high Northwest falls into the frigid zone. The 
difference in annual mean temperature between south and north is around 19"C, the mean 
temperature is 19" - 22* C in the hottest month and 6* - 8" C in the coldest month in the 
province (Wang, 1990). The unique characteristics of climate in Yunnan are that the diurnal 
temperature difference is larger than the annual mean temperature difference in most places 
in the province. The annual difference of mean temperature is 10' - 12" C, and the diurnal 
difference of temperature ranges from 12' - 22* C in the same place. The vertical variation of 
its climate is a typical feature in Yunnan. Most mountains are over 1,000 metres, and 
temperature decreases 0.50 - 0.7 'C per 100 metres upwards on mountains. As the saying 
goes " Four seasons can be found across one and the same mountain slope, and varied 
-tk4 
weather conditions can be witnessed over., short distance of 10 Li"(1 kilometre equals 2 li). 
Blooming flowers are accompanied by snow, glaciers coexist with fragrant grasses in the 
same area at different altitudes. The Ai Lao Shan Mountain, as shown in Figure 2.2, defines a 
line of demarcation of climate in the province. Temperatures to the west of the mountain are 
2* C higher than those at the eastside at the same altitude and the same latitude of the 
mountain in Yunnan (Wang, 1990). The annual mean rainfall is over 1,000 mm in Yunnan, 
but 85% of the rainfall occurs from May to October. To the South and Southwest there tends 
to be more rainfall in the province (Figure 2.3). 
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2.1.3 Population and ethnic group 
Yunnan is probably the most colourful and most diverse province in China. The particular 
ethnic mix certainly contributes to this fact. The population of Yunnan was 38 million, spread 
over 128 counties and municipalities in 1996. There are 25 ethnic minority groups in Yunnan 
which form one third of the population; the rest of the population are the Han Chinese. The 
ethnic minority group usually live together and carry on their own way of life and their own 
traditions and cultures. The majority of the population is farming in Yunnan, particularly the 
ethnic minority groups. Rice is the major crop. Com (maize), wheat, barley, sweet potatoes, 
soybeans and oilseeds are also grown. Plantations for banana, sugarcane and other tropical 
fruits are very common in the lower altitude areas of the Red River basin and the border areas 
in the South and Southwest tropical zone of the province. 
2.2 Malaria in Yunnan, China 
2.2.1 Malaria and its control in Yunnan 
Malaria has a long history and wide distribution in Yunnan, China. The earliest record 
bearing resemblance to the symptoms of malaria, what was called 'Chang chi 1, can be found 
from the Hang Dynasty in the year 225 A. D. in the book called 'Tai Ping Fan Yiu' in the 
province. The clinical features of 'Chang chi' and the characteristics of its distribution were 
described in classical traditional Chinese medicine literature concerning the causes of 
diseases, namely 'Zhu Bing Yuan Huo Len', in the Sui Dynasty in the year around 600 A. D. 
(Zhou, 1991). The literature related 'Chang chi'to 'mist' or 'malicious air' in valleys, which 
is similar to its European counterparts of 'ague' in English and fievre aigue' in French, 
which considered malaria was caused by foul air commonly near marshy areas (Bruce- 
Chwatt, 1991). The first recorded malaria cases probably dated back to the 1910s. The 
medical reports from the Customs Ports in Mengtze, Szchmao (Simao today) and Tengyueh 
of the Southern and Southwest borders of the province, indicated that malaria cases in 
Yunnan, especially the 'malignant type' due to P. falciparum, were clearly linked to travel 
for trade to Myanmar (Faust, 1926). Yao and his colleagues carried out their first study on 
malaria in this province and proved that so called 'Chang chi' was none other than malaria in 
Yunnan in 1935 (Ling et al., 1936). Later studies indicated that malaria was widely prevalent 
in the whole province, especially near the Southwest border areas and the Red River basin 
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area in Yunnan (Ling el A, 1936; Robertson, 1940; Robertson & Chang, 1940; Williams, 
1941; Ma, 1942; Yao et aL, 1943; Hsu et al., 1949). 
There were three well-documented 'malaria' outbreaks in the province in this century. In 
1904, about 200,000 to 300,000 workers had been recruited from Yunnan and its neighbour 
provinces by French colonials to establish a railway ftom Yunnan to Vietnam. Around 
60,000 to 70,000 workers died of 'malaria' during the 7 year period: the so-called 'one 
sleeper one life' in some places (Zhou, 1991). In 1919, 'malaria' was the cause of an 
outbreak in Simao, the southern commercial centre in the province. The disease was brought 
to the city by soldiers, who contracted it from the civilians on the border. The epidemics of 
the disease had become worse and worse since then. The population of the city had been 
reduced from 76,800 in 1919 to 24,106 in 1932(Ling et al., 1936) and 944 in 1949 due to 
4malaria' (Wang et aL, 1957; Zhou, 1991). The third outbreak occurred in Yuanxian in 1933, 
30,000 died of malaria in the county within a few years (Zhou, 199 1). 
In order to determine the distribution, incidence, prevalence and intensity of malaria 
transmission in Yunnan, province-wide epidemiological surveys were carried out by Chinese 
scientists in the early 1950's. The results of the surveys revealed that malaria was endemic in 
120 out of 128 counties in the province, 65 of which were endemic for P. falciparum (Zhu, 
1994). Around 140,000 to 420,000 clinical cases per year were reported in Yunnan from 
1952 to 1956. However, there were considerable spatial malaria variations: the mean 
incidence was 249 perlO, 000 persons per year in the whole province in 1953, but 542 
perlO, 000 persons annually in border areas (Zhou, 1991). Malaria control had started since 
the end of 1950s, and large-scale DDT residual spraying was carried out in the hyper- 
endemic areas. Large-scale epidemics of malaria were under control in the whole province 
soon after the malaria campaign began. Its incidence decreased to 7 per 10,000 persons in the 
province in 1967. Unfortunately, the malaria control programme was interrupted due to the 
disbanding of anti-malarial organisations during the upheaval of the 'Cultural Revolution' in 
the later 1960s. The resurgence of malaria started in 1969. From 1969 to 1973, epidemics 
occurred in a population of 640,000 in 37 counties and gradually extended to cover 51 
counties. 559 'people died of malaria during the 4 year period (Zhu, 1994). 154,348 malaria 
cases were reported in 1973 when the incidence was 57 per 10,000 persons in the province. 
Consequently, large scale DDT residual spraying, antimalarial chemotherapy in the 
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transmission season and chcmoprophylaxis in the peak transmission season were carried out 
in all main malaria endemic areas in the province. Malaria continued to decline until the early 
1980s, and fell to 13 cases per 10,000 in 1979 to 5 cases per 10,000 persons in 1989. 
However, a resurgence of malaria has been noted especially for P. falciparum in the Red 
River basin and border areas in the recent decade (Zhu, 1994; Zhu et al., 1994; Advisory 
Committee on Malaria, MoH, 1994). Malaria remains highly endemic in the Red River basin 
and border areas probably because their climate and environmental conditions are in favour 
of mosquito breeding and malaria transmission (Ling et al., 1936; Zhang, 1990; Zhao, 1993). 
On the other hand, the epidemics of malaria in the Red River basin and border areas in recent 
decades might be also attributable to the exploitation of the areas for economic development 
and population migration (Advisory Committee on Malaria, MoH, 1994). 
2.2.2 Malaria parasites in Yunnan 
All four human parasites exist in Yunnan. However, the two epidemiologically important 
species are P. vivax and Pfialciparum. P. malariae and P. ovale were detected occasionally. 
P. vivax is the most widely distributed malaria parasite in Yunnan. It is occurring throughout 
the whole province. The local strain of Rvivax in the province is similar to the temperate 
strain with long and short incubation periods, depending on the number of sporozoites 
inoculated (Yang, 1991). The more sporozoites inoculated, the shorter the incubation period. 
However, the clinical episodes and relapse patterns of the parasite differ between the 
southern and northern parts of the province. The febrile episodes have been said by Yang 
(1991) to occur daily among primary infection cases but to occur every other day among 
relapse cases in the southern part of Yunnan. The febrile episode occurs every other day for 
both primary cases and relapse cases in the Northern parts of this province. 
P. falciparum is the most harmful parasite and causes the most frequently fatal malaria in 
Yunnan. The parasite has been diagnosed in 75 counties and was responsible for most 
epidemics of malaria in the province. It has been mainly distributed to the south of 25' N, 
particularly in the border areas, the Mekong River basin areas and the middle and lower 
reaches of the Red River basin area (Zhang, 1990). All endemic areas of P. falciparum co- 
exist with endemic A vivax in Yunnan, but P. falciparum is the dominant species in the 
border areas and lower altitude areas of the Red River basin area. Chloroquine resistant 
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Pfialciparum is increasingly becoming an important medical and public health problem in 
Yunnan and will be dealt with in section 2.2.4 of this Chapter. 
2.2.3 Malaria vectors in Yunnan 
Forty-one species of Anopheles have been identified in the province since 1935. Six of them, 
namely An. minimus, An. sinensis, An. anthropophagus, An. kunmingensis, An. jeyporiensis 
and An. candidiensis, were proved to be malaria vectors in Yunnan, and the first four 
anophelines are the most important (Dong, 1993). 
An. minimus is a main malaria vector in the province. It was identified in 89 out of 128 
counties in Yunnan. The range of its distribution is from 28 *N at Shejian county to 21" N at 
Mongla county (Dong, 1993). It was first identified by Yao and colleagues (Ling et al., 
1936). They dissected 30 An. minimus during their study, of which one was found sporozoite- 
positive in its salivary glands, and they hypothesised that An. minimus might be one of main 
vectors for malaria transmission in the province. This hypothesis was supported by several 
large-scale studies (Roberston et al., 1940; Yao & Pei, 1943; Chow & Balfour, 1949; Wang 
et al., 1957). The population density of the mosquito shows considerable variations with 
different latitude, altitude, vegetation and river systems in the province (Dong, 1993). It is 
mainly found in areas with altitudes from 600 metres to 1,400 metres, but it can be found in 
the same area with an altitude up to around 1,600 metres. Based on the statistics of Dong 
(1993), 80,669 An. minimus were dissected from 32 sites in 14 counties in the province from 
1935 to 1982.580 of them were identified as sporozoite positive in their salivary glands from 
26 sites in II counties. The mean proportion of mosquito sporozoite-positive in their salivary 
glands was 7.2 per thousand. An. minimus is endophilic and endophagic and prefers human 
blood. It likes to breed in slowly running water such as streams and in clear water bodies at 
the edge of forest in Yunnan (Dong, 1993). Its breeding places have usually a certain amount 
of shade. In some places, it might be found in terraced type paddy fields, seepage from 
springs, and small water reservoirs with clear water in the Southwest part of the province 
(Dong, 1993). 
An. sinensis is the commonest species of Anopheles in Yunnan. It is distributed over the 
whole province, except at an altitude over 4,000 metres in the Northwest part of the province. 
A total of 49,580 mosquitoes has been dissected so far at 38 sites in 15 counties, 12 of which 
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from 4 counties were identified as sporozoite positive in their salivary glands, giving a 
proportion positive of 0.24 per thousand mosquitoes in the province (Dong, 1993). Although 
it is an abundant mosquito, it is not an efficient vector. It prefers animal blood, mainly 
buffalo 
. -. 
An. sinensis mainly breeds in paddy field and ponds. The density of its 
population is correlated with the areas of paddy fields in the locality. 
An. anthropophagus is mainly distributed to the north of 27" N in the Northeast part of this 
province. Occasionally, it can be found in the western parts of Yunnan. It is an anthrophilic 
and endophilie mosquito. It mainly breeds in small shaded ditches, but some breed in paddy 
fields. 1,090 mosquitoes were dissected in Shijian county; 3 of them (2.8 per thousand 
mosquitoes) were sporozoite positive (Dong, 1993). 
An. kunmingensis is mainly distributed to the north of 250 NL, in which area the altitude is 
over 1,700 metres in the Northwest part of the province. Its breeding places are more or less 
like those of An. anthropophagus. 2 out of 480 mosquitoes were identified sporozoite 
positive (Dong, 1993) 
2.2.4 Anti-malarial drug resistance in Yunnan 
Resistance of P. falciparum to chloroquine was first identified in the Sino-Myanmar border at 
Genma, Yunnan in 1973 (P. L. A. Kuanmin Medical Research Institute, Malaria Research 
Group, 1978). 72 cases were studied in vivo, 23 of them were classified as S-RI ( 31.9%), 47 
( 65.3% ) RII, 2(2.8% ) RIII. The strains of P. falciparum resistant to chloroquine were 
identified in all endemic areas in the later province-wide investigation (Che et aL, 1986). 
From 1972 to 1988,530 falciparurn malaria cases were studied in vivo, of which 77.6% cases 
showed resistance to chloroquine; the proportions of RI, RII and RIII were 38-30%, 25.28%, 
and 13.96%, respectively (Zhu, 1994; Yang et aL, 1994). Although most of the in vivo studies 
suffered from multiple problems, such as selection biases, chance of re-infection, loss to 
follow-up, small sample size, and some information biases , chloroquine resistance had 
been thought to be well established in most counties in border areas of Yunnan since the 
early 1980s. The health authority in Yunnan changed from chloroquine to sulfadoxine- 
pyrimethamine (SDX/PYR ) and piperaquine as its first line antimalarial drugs for P. 
falciparum in the border areas in 1983 (Che et aL, 1986). The resistance of Rfalciparum to 
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chloroquine in the border areas continued to be under surveillance, though in vitro in 1989 
and 1990, the resistance rate was near to 98.7% (75/76) (Yang, 1994). 
In recent years, endemic areas of P. falciparum have extended from the border areas to the Red 
River basin area in the province. The sensitivity of P. falciparum in vitro to available 
antimalarial drugs was measured in the Red River basin area in 1993 (Yang, 1994). That study 
revealed that the strain of P. falciparum in the basin area was highly resistant to chloroquine. The 
proportions of P. falciparum resistant to chloroquine and piperaquine were 78.9% and 72.9% 
respectively. A fitrther study concerning sensitivity of P. falciparum in vivo to chloroquine from 
1995 and 1996 indicated that the proportion of P. falciparum resistant to chloroqine was 78.5% 
(Guo et aL, 1998). The spatial distribution of P. falciparum resistant to chloroqine, which has 
been identified in vivo, is shown in Figure 2.4. 
The first study on SDX/PYR efficacy on P. falciparum in the well-known chloroquine resistant 
area of Xi Shang Ban Na, Yunnan was by the P. L. A. Kuanmin Medical Research team in 1983 
(cited by Zhou, 1991). Sixteen local falciparurn malaria cases were tested, 12 (75%) of cases 
were susceptible to SDX/PYR. In 3 cases, however, falciparum. parasites didrht-disappear within 
7 days (RII); and in one case, the parasite disappeared within 7 days but recrudesced on day 12 
(RI). In 1992, the sensitivity of P. Jalciparum to SDX/PYR in vitro was determined (Yang et al., 
1994) in Mongla near the Sino-Laos border. Results of the study suggested that P. falciparum 
was resistant to SDX/PYF_ Therefore, there is multiple drug resistance of falciparurn malaria in 
Yunnan today. 
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3 Landscape epidemiology of malaria in Yunnan 
The complicated climate and landscape conditions make for considerable variations of the 
spatial distribution of malaria in the province. The following paragraphs review the studies 
on malaria distribution at the beginning of 1950s, immediately before malaria control 
campaigns in the province. Therefore the data might represent the effects of natural landscape 
and environmental factors on the distribution of malaria in Yunnan. 
2.3.1 Malaria variation in different latitudes 
The first province wide malaria epidemiological survey was carried out by a malaria research 
team from Chinese Military Academy of Medical Sciences from 1953-1954 (Wang et al., 
1957). A total population of 62,337 was investigated in 281 villages and 55 counties in the 
province during the survey. The results revealed that malaria was generally endemic in the 
whole province. However, the degree of endemicity of malaria was progressively more 
intense from north to south. The worst places were in border areas. The malaria distribution 
was roughly stratified into four ecological zones in the province by Wang et al. (1957) as 
redrawn and shown in Figure 2.5. This stratification is coincident with the distribution of 
natural landscape and climate. Zone A was a "hypo-endemic" area where the terrain is 
generally of a plateau type. Its altitude is mostly over 2,000 metres. The annual mean 
temperature is from VC to 15'C, and annual rainfall 750 to 1,000 mm. The prevalence of 
spleen enlargement was below 10%. Zone B was a "meso-endemic" area where the terrain is 
generally mountainous. Its altitude is mostly from 1,200 to 1,800 metres. The annual mean 
temperature is 16"C to 20' C. Annual mean rainfall is around 900-1,200mm and relative 
humidity is around 60-80%. The prevalence of spleen enlargement was between 10% and 
25%; Zone C and zone D were classified into "hyper-endemic" and "holo-endemic" zones 
respectively. The prevalence of spleen enlargement was between 25 and 50% in zone C. The 
prevalence of spleen enlargement was over 50% near border areas (Zone D). The altitudes in 
Zones C and D, are mostly lower than 1,200 metres, with annual mean temperature over 
20'C, annual rainfall over 1,200 mm, and mean relative humidity over 80%. This 
stratification roughly represents the effect of natural landscape and environmental factors on 
the risk of malaria in Yunnan. The stratification remains broadly valid today although malaria 
is becoming recognised as a major problem in the Red River basin area in Yunnan today 
(Zhu, 1994; Advisory committee on malaria, MoH, 1994). Zhang (1990) summarized all 
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surveys in 49 counties of Yunnan from 1950 to 1957. He also stratified malaria distribution 
into four zones according to latitudes (Table 2.1). His stratification is roughly similar to early 
stratification by Wang et al. (1957) but emphasises that the Red River should be is an 
important line of demarcation for malaria stratification in Yunnan. 
Figure 2.5. Malaria stratification in Yunnan, China by Wang et al. (1957) 
(seep. 38 of thesefor explanation) 
D(' 
Table 2.1. Malaria variation at different latitudes in Yunnan, China (195 0-1957) 
Spleen examination Malaria parasitaemia, 
No. exam. No. posi. ' % No. exam. No. posi. % 
South of 23" 30'NL 120,106 47,910 46.9 79,673 24,450 30.7 
West of the Red River 112,958 46,742 41.4 60,624 10,372 17.1 
2311 30' - 2511 NL 
East of the Red River 11,151 2,644 23.7 10,711 722 6.7 
North of 25" NL 9,473 2,346 24.8 8,397 716 8.5 
wurces oj aata: znang (i Yyu) 
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2.3.2 Malaria variations at different altitudes 
The connection between altitude and intensity of malaria transmission had been made as far 
back as the first preliminary survey in Yunnan (Ling et al., 1936), and was further quantified 
by many researchers (Roberston, 1940; Williams, 1941; Wang et al., 1957 & Zhang, 1990). 
The highest place found with malaria infection was 2,520 metres above sea level in Weixi 
county in the province (Lian, 1984), slightly lower than 2,800 metres, a world's highest spot 
where malaria infection was reported (Bruce-Chwatt, 1991). All studies at different altitudes 
indicated a consistent conclusion that altitude was negatively correlated with prevalence of 
malaria (Figure 2.6). According to the empirical model by Huo Rong Huo (1984), malaria 
was stratified into three strata in Yunnan, based on the altitude and malaria incidence data 
before 1957 at a time when the malaria control programme had not yet begun, namely, 
"hyper-endemic", "meso-endemic" and "low-endemic" areas. The "hyper-endemic" area had 
an altitude under 1,200-1,300 metres, the "meso-endemic" area was at an altitude from 1,300 
- 1,800 metres and "low-endemic" area with elevation over 1,800 metres. The ranges of 
altitudes might have some variation between southern and northern part of the province. In 
the "hyper-endemic" area, the mean temperature is over 18'C and the malaria incidence 
usually over 20% annually, spleen rate over 25%, An. minimus isthe dominant vectorin this 
tke 
area, more than 20% of total malaria cases were P. falciparum infection. In/"meso-endemic" 
area, annual mean temperature is around 16-181C, the malaria incidence rate was usually less 
than 20% annually, spleen rate less than 20%, An. minimus and An. sinensis are. malaria 
vectol3in the area, . The proportion of P. falciparum infection over total malaria cases in the 
areas was less than 20%. In "low-endemic" area, the annual mean temperature is less than 16- 
180C, malaria incidence were usually less than 5% annually, spleen rate less than 5%, An. 
sinensis is a malaria vector in this area, and no P. falciparum infection occurred in the area. 
This stratification is much more rational and accurate than that of the first stratification by 
Wang et al. (1957) and later re-analysis by Zhang (1990). But it would be very difficult to 
draw on a map that can be visually appreciated by the malaria control authorities prior to 
GIS. We use digital elevation model (DEM) to stratify the malaria in Yunnan based on the 
Huo Rong Huo empirical model, as shown in Figure 2.7. 
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2.3.4 Malaria variation in different topographic features 
The first study that noted malaria variation with different topographic features probably dated 
back to the first malaria survey in the province by Yao and colleagues (Ling et aL, 1936). 
They noted that malaria infection was practically limited to small isolated plains bounded by 
high mountains, and the top of the mountain was usually free from the infection. More 
surveys regarding the relationship of malaria incidence to topographic features were carried 
out in the 1950s (Wang et al., 1957; Zhou, 1991). Malaria prevalence was much higher in the 
plain than the valleys; malaria in valleys, in turn, was higher than in mountain areas, as 
shown in Figure 2.8. The spatial variations of malaria among plains, valleys and mountains 
were probably due to different land-use patterns. The land was intensively used in the plain, 
mostly for rice paddies, which provided ideal places for mosquito breeding and multiplying 
in Yunnan (Robertson, 1940; Dong, 1993). On the other hand, the intensity of malaria 
transmission in the plain is confounded by altitude, as plain areas are mostly located at lower 
altitude areas. 
The distribution of malaria on the plain was not homogeneous: several investigations 
indicated that malaria transmission in peripheral parts was significantly higher than in the 
central areas (Figure 2.9). This is probably because An. minimus is mainly breeding in the 
peripheral areas near forest, while the people who lived near the forest were more easily 
accessible to the mosquitoes in those areas (Dong, 1993). 
With the development of a systematic malaria control programme, better irrigation and canal 
systems, and improvement of the socio-econornic situation in the plains in the recent two 
decades, the spatial distribution of malaria has changed. The prevalence of malaria in the 
plain areas is less intensive compared with that in, mountain areas. The valley areas 
experience the highest risk of malaria in Yunnan today. The increasing intensity of malaria 
transmission in valleys in recent years might be due to deforestation and change in the land 
use pattern in this area (Advisory Committee on Malaria, MoH, 1994). 
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Figure 2.9. Malaria variations in the different ecological features in Yunnan (1956-1959) 
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2.3.4. Forest malaria, the effect of deforestation, and of reforestation on malaria 
it is well known that deforestation tends to change the level of malaria transmission (Walsh et 
1993). With a tropical climate in the Southern and Southeast parts of Yunnan, the 
government has been encouraging exploitation of the Torrid Zone for economic development in 
recent decades. A large number of people either from in the province or from other parts of 
China have been entering the areas in the hope of improving their economic status. However, 
most areas are economically underdeveloped with poor transportation systems, generally lack of 
primary health care and health facilities, and poor knowledge of malaria and its control. 
Ihe populations mostly come from areas not endemic for malaria so they have little 
immunity and suffer a high degree of malaria morbidity and mortality. They come to the 
marginal areas and work either for small enterprises or nationally owned farms to deforest the 
area and plant bananas, or rubber trees. Coffee, tea, sugarcane and various tropical fruits are 
grown in plantations. In 1990, among 507 workers in Jlabutuo rubber plantation in Mangla 
county, the malaria incidence was 74.8% per year and the prevalence of malaria parasitaemia 
was 60.8%, P. ftilciparum comprised 43.1 ;% of infection and the mortality was I% Whe et al., 
1992). A survey in a sugarcane plantation in Mongla county showed the malaria incidence was 
31.5% from May to November 1991. The prevalence of malaria parasitaernia was 36.4%, the 
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plantation in 1992,322 workers were all from areas that were malaria free or less endemic areas 
for malaria. The incidence was 47.3% from January to September, with a prevalence of malaria 
parasites of 24% in September, and 3 (1%) died of malaria in 1992 (Yang & Li, 1992) 
2.3.5 Malaria in border areas 
Malaria is also one of the major public health problems in border areas of Yunnan (Zhou et 
al., 1994; Xu & Liu, 1997). There is a total population of 5 million 'within 26 counties in the 
areas. The majority of the population belongs to ethnic minority groups with different life 
styles and standards of living. It was well known that populations in the border areas had a 
significantly higher risk of malaria in Yunnan even at the beginning of malaria studies in 
China (Faust, 1926; Ling et al., 1936; Williams, 1942; Hsu et al., 1949). Today, although the 
proportion of the population in border areas is only 15% of the total population in Yunnan, 
around 50% of malaria cases were reported in the border area (Advisory Committee on 
Malaria, MoH, 1993 & 1994). Moreover, around 80% of the cases in non-border areas were 
imported from either the border areas or the Red River basin area in the province (Zhu et al., 
1994). Plains are the main endemic areas, while the incidence of malaria in the mountain and 
valley areas is relatively lower near the border. 
One of key reasons why malaria has remained significantly higher in border areas is probably 
that the environmental, meteorological and ecological situations are in favour of malaria 
transmission. All the areas are located in the tropical zone with a significant amount of 
rainfall and much humidity, and malaria is perennially transmitted. 
Huge migrations of people acted as a driving force for malaria transmission in border areas 
(Zhu et A, 1994). It is estimated that some 10 million people are moving around in the 
border, many of who are non-immune to malaria (Xu & Liu, 1997). Many people cross the 
border into neighbouring Myanmar, P. R. Laos or Vietnam, either to work in agriculture, 
mining or the lumber industry, usually working in the forest areas with few malaria control 
measures, or to do business in neighbouring countries. When they come back to China, they 
bring malaria into local areas. A survey of a group of farmers engaged in farming in 
Myanmar in 1992 showed that the prevalence of malaria parasitaernia was 32.1%. Of those, 
73.8% were due to P. fýlciparum. The farmers went back to China due to the malaria 
outbreak and several people died of malaria (Zhang et al., 1992). A further survey indicated 
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that malaria incidence was directly proportional to the length of stay in people going to 
Myanmar (Li et al., 1987). The average parasite rate in febrile cases returning from foreign 
countries was 6.67% in 1995 (Xu & Liu, 1997). 
Refugees are another reason for malaria instability in border areas. In 1987,7838 refugees 
from Myanmar poured into the border area of China. The prevalence of malaria parasitaernia 
was 33.3% among the refugees, of which 81.6% was due to P. falciparum. Subsequently, 
malaria led to outbreaks in local inhabitants (Zhu et aL, 1994). 
In summary, complicated landscape and meteorological characteristics make for a great variation 
of malaria spatial distribution in Yunnan in general. Human behaviour, however, also plays"ve ,, ry 
important role in the malaria distribution. A landscape and environment based model would help 
us to understand the malaria transmission and spatial distribution pattern, and thereafter, the 
model would help us to set up more effective spatial predicting systems in the province. 
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Chapter 3 
Geographical information systems and remote sensing and their role in 
epidemiology and malaria control and research 
3.1 Geographical information systems and their roles in epidemiology 
Geographical information systems are computer hardware and software packages concerned 
with the capture, storage, manipulation, query, display and analysis of any and all types of 
geographical information (Aronoff, 1989; DeMers, 1997; Burrough, 1998). A typical GIS 
database consists of spatial features in space, a database that contains descriptive information 
about the features, and the internal and external topological connections of the features 
recorded. The most defining characteristic of a GIS is its strict link between a feature's 
geographical position (co-ordinate) and its attribute data. This allows its users the ability to 
manipulate, analyse and query information on various map features through their shared 
components. The power of GIS is its ability to integrate and manipulate multiple layers or 
themes of spatial data for a large area. The data need not be from the same source, same map 
scales or same projects. The data that could be integrated into a GIS include paper maps, 
aerial photographs, satellite images, GPS data as well as routine data, census, 
epidemiological surveys, environmental data, health and many data from other studies. In all 
cases the data must be registered geographically to a generally accepted and coded common 
frame of reference (usually a geodetic co-ordinate system), before they can be stored in a 
GIS. By facilitating the manipulation and possible combination of several data layers from 
the disparate data sources, a GIS permits rapid display and analysis of multivariate spatial 
data (Nicholson & Mather, 1996). The wide-ranging functionality of GIS clearly makes it a 
potentially powerful tool for epidemiology, particularly in the areas of, (i) mapping diseases 
and their determinants, (ii) quantifying risk variables, (iii) linking diseases and their potential 
risk variables, and (iv) creating databases for further statistical and epidemiological analyses. 
3.1.1 Mapping diseases and their determinants 
Mapping spatial and temporal distributions of diseases and their potential determinants is 
probably one of the most immediate uses of GIS. Historically, mapping diseases has provided 
important clues to the aetiology of diseases. Snow (1849), for example, developed his 
hypothesis on the mode of transmission of cholera by mapping the association between 
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cholera mortality and the different water supply companies in London, as well as the 
association with London's Broad Street water pump. Burkitt (1962) published geographical 
distributions of cases of malignant lymphoma in Africa that helped to develop the hypothesis 
that an insect vector was important in its aetiology. The most commonly used maps in 
epidemiological study are point maps and choropleth maps (Cliff & Haggett, 1988). 
Individual data may be present as points in a GIS to fonn a point map. A choropleth map may 
be produced by allocating each case to its relevant administrative boundary. Maps provide 
instant impressions of the relationships of diseases (incidence or mortality) to their 
appropriate geographical positions (often as the surrogate of disease determinants). They can 
reveal spatial variations and distribution patterns not previously discerned nor suspected from 
the examination of tables of statistics (Howe, 1986). They provide essential descriptive 
information relating to geographical variations in disease incidence or mortality. They answer 
the epidemiological question 'where'? 
A traditional map is static, and creating a map needs a skilled cartographer. Information is 
encoded in the form of symbols as points, lines or areas in a maps and the symbolism of 
colours or text codes is usually explained in a legend. It is created by a survey at a given 
point in time, and it represents a snapshot of natural environments. Once data had been put 
into a map, it usually had to serve for a long period of time: it was neither cheap nor easy to 
update such maps based on current changes. It is also difficult to retrieve the data from them 
in order to combine them with other spatial data or to create new information from existing 
maps. Besides, the original mapping data usually have to be greatly reduced in volume, or 
classified to make them understandable and representable. Consequently many local details 
were often filtered away through map generation (Burrough & McDonnell, 1998). Finally, 
because a printed map represents qualitative documents, it can be extremely difficult to 
attempt quantitative spatial analysis within the units delineated on a thematic map. GIS is 
more than a simple automator of the tasks of a cartographer of conventional maps, It holds a 
database in digital form instead of a conventional map printed on a piece of paper or film. 
Once the data have been stored in a database, they can be retrieved and transformed to 
provide information based on need. New data may be created from old and data can be used 
repeatedly without any deterioration in quality. Therefore, a GIS spatial database need not 
remain static, but may be used to model changes in spatial and temporal distributions of 
diseases and their determinants. 
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As the examples above suggest, a major aim in the study of geographical variation in disease 
incidence or mortality and its potential determinants is to formulate hypotheses about the 
aetiology of a disease by taking into account spatial variation in environmental factors. 
Disease maps can be readily converted into areas of risk. However, geographical association 
will never prove or establish causation (Howe, 1986). Mapped variation might be due to the 
effects of confounding variables or other biases such as under-reporting and misdiagnosis 
particularly, when the disease maps are based on routine data (English, 1992). 
Hypotheses developed in geographical analysis need to be tested using more rigorous studies, 
Mapping diseases and their potential determinants might simply map the raw data to show 
where the diseases and their potential determinants are (Hu et al., 1998; Cumming, 1999; 
Kidson et al., 1999; Coetzee et al., 2000), what are the patterns of the diseases and their 
determinants, what aspect of the disease has been changed and their determinant patterns 
since then? Using the interpolation technique of GIS is another common methodology to 
generate the disease pattern and their determinant surfaces (Cliff & Haggett, 1988, Nicholson 
& Mather, 1996; Estrada-Pena, 1998), which will be discussed in detail in section of 3.1.2 in 
this Chapter. Recently, mathematical modeling in GIS has been widely used for mapping 
malaria and its vectors (Craig el al., 1999; Snow et al., 1999; Lindsay & Martens, 1998, 
Lindsay et al., 1998), the leishmaniases and their vectors (Cross et al., 1996; Thomson et al., 
1999), schistosomasis (Malone et al., 1994; Malone et al., 1996), dengue (Patz et al., 1998), 
African trypansomiasis (Rogers & Randolph, 1993), and lymphatic filariasis (Michael & 
Bundy, 1997; Lindsay & Thomas, 2000). More will be discussed in the section of 3.3 in this 
Chapter 
3.1.2 Quantitative risk variables 
Typically, epidemiologists collect data for exposure at certain points in a study area or obtain 
exposure data from routine monitoring sites. - GIS provides a range of spatial interpolation 
techniques to help epidemiologists to quantify exposure variables at unsampled or 
unmonitored sites, particularly for aý large area through modelling point data, such as 
Thiessen polygons, linear interpolation, inverse distance-weighting interpolation, trend 
surface analysis, regression and kriging (Bonham-Carter, 1994; DeMers, 1997; Burrough 
and McDonnell, 1998). 
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Thiessen (or Voronoi) polygons are a proximal interpolation technique that can be carried out 
as a the standard component of most proprietary GIS and perhaps one of the simplest and 
widely used interpolation techniques for estimating unsampled exposures in a GIS (Briggs, 
1992). The basic characteristics of the polygons are that every location within them is closer 
to the point encircled than any other point in the coverage. Therefore, Thiessen polygons, in 
effect, are used to predict the values at surrounding points from single point observation 
(Aronoff, 1989). We could generate Thiessen polygons around point data in which exposure 
data are collected. The variables in the polygons could be estimated by the point exposure. 
However, the method has a number of limitations (Burrough, 1986; Aronoff, 1989; Briggs, 
1992). The division of a region into Thiessen polygons is completely dependent on the 
location of the observation point. The value assigned to each polygon is estimated from a 
single sample. Estimates of error cannot be calculated from a single sample. Finally, Thiessen 
polygons estimate a value at unsampled points, but do not assume that points close together 
are more similar than that points far apart, an assumption that is usually appropriate in 
geographical analysis. However, Thiessen polygons are probably best for qualitative 
variables for which other interpolation methods are inapplicable or where the measurable 
local spatial variability is low (Burrough, 1986; Briggs, 1992). 
In contrast to the discrete technique described above, almost all other methods of 
interpolation embody a model of continuous spatial change that can be described by a 
smooth, mathematically defined surface. The simplest way to describe gradual long-range 
variations (trend surface) is to model them by polynomial regression (Cliff & Haggett, 1988). 
To develop the trend, the whole coverage will be divided into regular grids and each of the 
values of the sampled exposure variable in the region is examined and fitted into a 
mathematical equation. From the equation used to estimate the surface of best fit, a single 
value is estimated and assigned to the regular grid in the coverage. The process continues for 
other targets, and the trend surface can then,, be extended, for the entire coverage. The 
technology has been widely used in meteorological science to generate temperature and 
rainfall surfaces based on the point data from meteorological observatories. In epidemiology, 
the most obvious such features are probably air pollution, e. g. concentration Of S02 in the 
vicinity of electricity generating plants. The very best which can be achieved is a set of 
pollution measurements at some sample locations. Within a GIS, a sample interpolation 
procedure can be use to generate the pollution, 'surface'. The advantage of trend surface 
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analysis is that it is a technique that is quite easy to understand. It reflects the 'mean' trend of 
modelled variables, embodies ideas of gradual change, and is a 'smoothing function'. 
However, for altitude data in rough terrain, such a technique would tend to smooth abrupt 
altitude change. It is mostly suitable for environmental variables not changing abruptly 
within a study region, such as aerial pollution. Similar methods are also available in the GIS 
envirom-nent, e. g. linear interpolation, inverse distance-weight interpolation and splines. The 
methods of interpolation described above present several limitations (Carrat & Valleron, 
1992; Burrough & McDonnell, 1998). First, they fix tuning constants or make prior 
assumptions that do not take advantage of the spatial structure of the variable. Second, they 
do not allow for estimate of the error of interpolation. Thirdly, there is no a priori method of 
knowing whether the best values have been chosen for the weighting parameters or if the size 
of the search neighbourhood is appropriate. 
Kriging, a technique widely used in earth science, provides a means of interpolating values 
for unsampled locations and calculating a measure of variance around estimated values. 
Kriging uses the idea of a regionalized variable, which varies from place to place with 
apparent continuity but cannot be modelled with a single smooth mathematical equation 
(DeMers, 1997; Burrough & McDonnell, 1998). It is a local interpolation technique, which is 
very sensitive to small-scale variation. The interpolation proceeds by first exploring and then 
modelling the stochastic aspects of the regionalized variable. The resultant information is 
then used to estimate the weights for interpolation (Burrough, 1986; Carrat & Valleron, 
1992). Nicholson and Mather (1996) mapped nymphal ticks by using kriging to study the 
relationship between exposure to deer ticks and the risk of contracting Lyme disease in 
Rhode Island. They identified 80 sites located throughout the state that have been sampled 
annually, beginning in 1993, to estimate distribution and abundance, and B. burgdorferi 
infection rates of ticks. Data for each site were entered into the GIS for analysis. In this 
study, each point was interpolated by using the Gaussian model to weight eight surrounding 
sample points based on their distance from the interpolated point. The result of kriging 
modelling was a map depicting a continuously varying surface of nymphal tick density in the 
forested habitats of Rhode Island. 
Most often, the point data are not only the source of information about the distribution of 
environmental variables to be interpolated and other extra information might help the 
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interpolation with kriging techniques. Therefore stratified kriging, co-kriging and 
multivariate kriging have come into fashion (Burrough and McDonnel, 1998). An advantage 
of kriging is that it follows the basic principle of geographical science: points that lie close 
together in space are more likely to have similar values of a property of interest than points 
further apart (Burrough, 1986; Burrough & McDonnell, 1998). Kriging also provides an 
estimate of the potential amount of error of the estimates as well as the estimated values 
themselves. One important limitation of kriging is that it doeen6t model variation at the scale 
smaller than the lag interval, often determined by the average spacing between neighbouring 
samples (Burrough, 1986). Thus, important local variation can be masked by this technique. 
3.1.3 Linking exposure and disease, creating a database 
GIS offers a variety of options for spatial analysis including the ability to overlay several 
map layers, buffering, distance and area calculation When multiple geographical data are 
stored in a common coordinate system, many map layers can be merged and viewed 
simultaneously, and both spatial data and their attribute data can be joined together through 
the overlay process. This allows the user to look through the set of maps and better 
understand the spatial relationships among the features of the different layers. From an 
epidemiological study point of view, this approach can be used visually compare maps of 
disease with those of exposure variables, creating a database linking exposure variables with 
diseases. Cliff and Haggett (1996), for example, demonstrated this by re-evaluating John 
Snow's classical cholera data in London in the 1880's within a GIS. The GIS was used to 
develop two maps. The areas of the city situated 25 feet or less above the River Thames they 
expected to be able to relate to the level of cholera death due to proximity to the River 
Thames (a defective-drainage factor causing sewage to be discharged ineffectually from the 
houses). The second map classified areas which areas had water supplies provided by each of 
the water companies (the water companies drew water from different part of the River 
Thames). They overlaid the two maps and calculated mortality for each area. A substantial 
excess of death was seen in those, areas covered by both factors. If a single factor is 
considered, then it appears that defective drainage is more important than is the Water 
Company supplying the district. Areas in which neither factor operates have a substantial 
deficit of death. Recently, Glass et al. (1995) used a GIS to overlay six different 
environmental data, including land use/land cover, forest distribution, soil, altitude, geology 
and watersheds, creating a database containing 53 environmental variables in order to 
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identify and locate residential environmental risk factors for Lyme disease in Baltimore 
county, Maryland. They also entered the address of 48 cases and 495 randomly selected 
control addresses into the GIS. Residential information for cases and controls was obtained 
from the database created from the GIS overlay. The variables: residence in forested area, on 
Glenville/Gleneg soils, and certain specific places, were associated with elevated risk of 
getting Lyme disease. Residence in highly developed regions was protective. 
Buffering is the process of creating areas of calculated distance from a point, line, or area 
object and is a widely used GIS function to link exposure with disease. The use of buffering 
techniques can simply divide a large group of population into 'exposed' and 'non-exposed' 
groups. Morbidity or mortality of the disease of concern may then be compared between 
groups. In other cases, risk may be assumed to vary with distance from point pollution 
sources, or distance from vector breeding places. Therefore, tests are required to determine 
whether the distribution of diseases is inversely related to distance away from pollution sites 
and vector breeding places. Dunn et al. (1995) used buffering to study the association 
between prevalence of asthma and factory pollution in a small town of County Durham. They 
found that the area within lkm and immediately the north east of the factory had a 
significantly higher age and sex standardised asthma prevalence than expected. The evidence 
clearly supported the hypothesis that the factory pollution might contribute to the excess 
prevalence of asthma in the study area. le Sueur et al. (1997) used GIS to study the 
relationship between malaria incidence and irrigation. They used GPS to obtain the 
geographical locations of homesteads in Mamfene, South Africa. The location of each 
household was input into the GIS and the number of cases per homestead for 4 months in 
1993 were also input into the GIS. A 2km buffer was generated around the suspected 
exacerbating feature, resulting from the irrigation scheme, to estimate vector mosquito range. 
Their results showed that almost all the malaria cases fall within this buffer area, thus 
supporting the hypothesis of association between the scheme and malaria incidence. 
Thompson et al. (1997) used buffering techniques to indicate that the risk of malaria was 6.2 
times higher for an individual living less than 200 metres from breeding sites than for an 
individual living 500 metres or more away from the breeding sites in a suburban area of 
Maputo, Mozambique. 
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Traditionally, geographical analysis is an essentially ecological study. Aggregated disease 
data are correlated with aggregated environmental data. Most estimates of the distribution of 
mortality and morbidity are based on the assumption of homogeneous distribution within 
large administrative units. In current epidemiological methodologies there are relatively few 
techniques for using or synthesising the discriminating data from small geographical units 
(villages or individual household) in a statistically acceptable manner (Elliott et aL, 1992). 
GIS techniques make the estimation of individual environmental exposures possible. Glass et 
aL (1994) evaluated association of the environmental exposure and the abundance of Ixodes 
scapularis on deer. They used Thiessen polygons to assign the deer's environmental 
exposure. Glass et al. (1995) used an overlay technique to identify each Lyme disease case 
and their four controls exposed to environmental variables. Pikhart et al. (1997) studied the 
association between ambient air concentrations of nitrogen dioxide and respiratory symptoms 
of school children in the Czech Republic. He assigned the individual child's exposure to 
nitrogen dioxide by using buffering around school and home. 
In summary, GIS is a powerful tool which can help epidemiologists and public health experts 
on disease control to visually assess the spatial aspects of public health problems. It is also 
good for communicating these issues to decision makers. Mapping the features of disease in 
GIS will help epidemiologist to answer: where is the problem and what spatial patterns exist? 
What has changed over time? Besides, GIS can help epidemiologists to quantify the 
environmental variables by a set of interpolation techniques and spatial analysis in the GIS 
environment. The spatial analysis of GIS, such as overlaying, buffering and distance 
calculation can help epidemiologists to link the diseases with their environmental 
determinants and subject them to further statistical analysis and mathematical modelling 
within and outside of a GIS environment. GIS modelling will help epidemiologists to forecast 
the trend of the disease spatially and temporally. They answer the epidemiological questions: 
what if circumstances change, and what will be the consequences of environmental variation? 
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3.2 Remote sensing and mosquito population dynamics 
Remote sensing is the science and art of obtaining information about an object, area, or 
phenomenon through the analysis of data acquired by a device (sensor) that is not in contact 
with the object, area, or phenomenon under investigation (Lillesand & Kiefer, 1994). The 
sensors are mostly cameras or satellite-borne multi-spectral scanners or radar. The sensors 
are mounted on a "platform" from a few metres high, through aircraft, rocket and space 
shuttle thousands of metres up, or located on satellites hundreds or thousands of kilometres 
above the subjects of interest. Most notable are aircraft, earth-orbiting satellites such as 
Landsat and the SPOT series, and polar-orbiting, meteorological satellites such as the 
National Oceanographic and Atmospheric Administration, Advanced Very-High-Resolution 
Radiometers (NOAA-AVHRR) and Meteosat, High Resolution Radiometer (HRR). The 
science of remote sensing rests on the fact that every object in nature reflects, absorbs and 
emits energy at specific and distinctive wavelengths in the electromagnetic spectrum. 
Passive sensors, including cameras and multi-spectral scanners, record reflected or emitted 
energy and the active sensors such as radar transmit microwave energy to the subject, and 
then record the return signal. Remote sensing provides the capability to collect uniform 
measurements in digital form over large areas at very high speed and to analyse phenomena 
that could not be monitored in any other way (Aronoff, 1989). Although remote sensing had 
been argued to be a useful tool for epidemiological study of a disease long ago, particularly 
for vector-bome diseases (Cline, 1970), the technology was only preliminarily used in the 
study of vectors and vector-borne diseases as extensively reviewed (Hugh-John, 1989; 
Washino & Wood, 1994; Roberts & Rodriguez, 1994; Hay et aL, 1996; Hay et al., 1997; 
Thomson et al., 1996 & Thomson et al., 1997). The present review focuses on its roles in 
studying mosquitoes, particularly in (1) mapping mosquito habitat, (2) and the study of 
mosquito abundance and population dynamics. 
3.2.1 Mapping mosquito habitats 
Most early studies using remote sensing to study mosquitoes were to identify and map their 
habitats based on landscape, vegetation, water and soil characteristics, which had already 
been documented to be mosquito breeding sites. One of the earliest studies done by National 
Aeronautics and Space Agency (NASA) scientists used colour-infrared (CIR) aerial 
photography to identify Aedes sollicitans breeding habitats near New Orleans, Louisiana in 
1971 (cited by Hugh-Johns, 1989). This study documented a strong empirical relationship 
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between Bacopa monnieri (water hyssop) and the mosquito. Wagner et al. (1979) later used 
CIR aerial photography to map forested wetlands, open marshes and residential areas in parts 
of Michigan. By combining the maps with information on population density and flight range 
of Ae. triseriatus (the vector of California encephalitis) and Culex spp. (vectors for St. Louis 
encephalitis), the maps were then used to direct mosquito control measures. Welsh (1989) 
also used CIR aerial photography as a survey technique for egg populations of Psorophora 
columbiae in rice fields of Louisiana and Texas. The resultant photographic data clearly 
indicated that landscape and terrain features such as rice field levees, tyre tracks and ditches 
were attractive for oviposition by Ps. columbiae. More recently, Dale and Morris (1996) used 
similar methods for rapidly mapping the breeding sites of C5C annulirostris (the vector of 
Ross River virus) in urban areas of Queensland. The accuracy and completeness of 
identification were 87% and 75% respectively, with reference to the original field site 
identification and by further field checks. 
Barnes and Cibula (1979) extended the NASA study to include the use of automated 
computer processing techniques for analyses of digital multi-spectral scanner (MSS) data 
acquired from aircraft. Using these data and techniques, they were able to map favourable 
egg-laying habitats for Ae. sollicitans in the Mississippi Delta. Hayes el al. (1985) first used 
Landsat I and 2 MSS data to identify Culex tarsalis and Ae. vexans habitats at Lewis and 
Clark Lake in Nebraska and South Dakota. They found the mosquito larval habitats 
associated with fresh-water plant communities, wetlands, and other aquatic features in the 
study areas. The resultant scenes, by a supervised classification, identified these aquatic 
habitats with 95% accuracy. 
More intensive studies have been carried out to map Rift Valley Virus vector mosquitoes in 
Kenya (Linthicurn et al., 1987; Linthicurn et al., 1990; Linthicurn et al., 1991; Pope et al., 
1992). Preliminary analysis revealed that NDVI (derived from NOAA-AVHRR) were 
positively correlated with seasonal rainfall pattern, and such rainfall can flood mosquito 
breeding habitats, known in Kenya as "darnbos" (Linthicurn et al., 1987). These habitats were 
highly suitable for Aedes and other mosquito breeding. A further study showed that NDVI 
values at or above 0.43 corresponded to at least short-term flooding of vector mosquitoes' 
breeding habitats (Linthicurn et al., 1990), and this was used as a basis for mapping mosquito 
vector habitat flooding over the whole of Kenya. The study was extended using higher spatial 
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resolution satellite imagery data (Landsat and SPOT), to map individual areas of mosquito 
breeding sites (Linthicum et aL, 1991; Pope et aL, 1992). Unsurprisinly, dambos could be 
identified with greater accuracy using the products, although there was still no way to 
differentiate between unflooded and flooded dambos. For this, the authors used airborne 
Synthetic Aperture Radar (SAR), tested on artificially flooded sites. 
Ritchie et al. (1993) used land-based radar to predict Ae. taeniorhynchus habitat flooding 
status in Collier, Florida. They used radar data to estimate rainfall, and combined rainfall 
estimates with tide gauge data, to serve as criteria for the sites for larval inspection. Rain, rain 
plus tide, and tide triggered 48,26 and 26% of the 14 proposed inspection trips. Seven out 
eight larval breeding sites were detected by the system. 
3.2.2 Mosquito abundance and population dynamics 
Later remote sensing studies have tended to concentrate on using remote sensing data to 
identify and monitor environmental factors influencing vector populations. Most of the 
studies integrated remote sensing and ground survey data into GIS, and studied the spatial 
and temporal variability in population dynamics of mosquitoes, thereby predicting mosquito 
population abundance and dynamics and estimating the potential for disease transmission. 
NASA scientists were the first to extend the study from mapping mosquito habitats to their 
environmental determinants. In 1985, a pilot study was carried out by NASA scientists in 
California's Lower Sacramento Valley rice fields (Wood et aL, 1991). Digital airborne 
Thematic Mapper Simulator (TMS) data of the study area were acquired throughout the 
growing season. The larval densities of An. freeborni were obtained in 46 rice fields 
throughout the study period. Normalised difference vegetation index (NDVI) was first used 
to study malaria mosquitoes in this study. The initial results indicated that rice fields with 
high larval populations were often associated with early development stages of the vegetation 
canopy. The distinction could be made over two months before peak mosquito production. In 
addition, over 70% of high mosquito-producing fields were located within 1.5km of a 
livestock pasture where adult mosquitoes could find blood meal sources. The subsequent 
work at a large scale was done in the same area in 1987 (Wood et aL, 1992). They revealed 
that the spectral reflectance data from Landsat 5 TM in early-season canopy development and 
distances between rice fields and livestock from GIS could be used to distinguish between the 
high and low mosquito-producing rice fields., Using spectral and distance measures in either 
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discriminant or Bayesian analysis, the identification of high mosquito-producing rice fields 
was made with 85% accuracy nearly two months before the mosquito larvae peaked. 
More studies were carried out aiming to relate mosquito abundance to its environmental 
determinants in Mexico. Beck et al. (1994) used GIS combined with Landsat TM data to 
discriminate between villages at high and low An. albimanus abundance in an area in 
southern Chiapas, Mexico. Land use and cover maps were generated by unsupervised 
classification of Landsat TM data. The buffering function of GIS was used to determine the 
proportion of mapped landscape elements surrounding 40 villages where An. albimanus 
abundance data had been collected. Multivariate analyses indicated that transitional swamp 
and unmanaged p, astures were two of the most important landscape elements determining 
vector abundance. The discriminant functions generated for the two elements were able to 
correctly distinguish between villages with high and low mosquito abundance, with an 
overall accuracy of 90%. The models were verified in a neighbouring area (Northwest of 
Huixtla), two years later (Beck et al., 1997). Although the remotely sensed landscape 
composition indicated some differences in terms of the relative proportions of landscape 
elements, the discriminant model accurately predicted 79% of high abundance villages and 
50% of the low-abundance villages for an overall accuracy of 70%. The regression model 
correctly identified seven of the ten villages with highest mosquito abundance. Rodriguez et 
al. (1996) carried out a similar study in the coastal plain areas of Southern Chiapas, Mexico. 
They studied the relationship between landscape characteristics around human population 
centres and adult An. albimanus abundance in 14 villages sampled at weekly intervals. A 
land use and land cover map was created on the basis of the aerial photographs from NASA 
ER-2 aircraft. One kilometre buffers for all 14 villages were created in a GIS. Multivariate 
analysis (using a tree-based model) indicated that flooding in unmanaged pastures is 
determined by their altitudes as well as that the presence of transitional swamps and 
mangroves was the most useful landscape indicator of An. ý albimanus abundance. 
Rejmankova et al. (1995) used SPOT data to map landscape features in a study of adult An. 
albimanus densities in northern Belize. Unsupervised classification was employed to classify 
the SPOT image data. Results indicated that marshes sparsely populated with macrophytes 
have dense cyanobacterial mats and were very productive for An. albimanus larval habitats, 
and that the river margin was also an important mosquito habitat. Based on the distance 
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between human settlements and the nearest marsh/river exhibiting this particular class 
combination in the satellite image, they predicted sites less than 500 in from habitats as 
having a high mosquito population density, and sites over 1,500 in distant having a lower 
density. The predictions were verified by collections of mosquitoes landing on people. The 
prediction was 100% accurate in the lower category and 89% accurate for sites in the higher 
category. Roberts et al. (1996) carried out a similar study for predicting the spatial 
distribution of An. pseudopunctipennis in 14 villages of central Belize. Based on 
environmental criteria, distance of houses from waterway, altitude above specified 
waterways, and amount of forest between houses and waterways, all of which could be 
identified either on satellite images or from existing maps, four of eight sites that were 
predicted to be high probability locations for presence of the mosquito were positive and all 
low probability sites were negative. 
Sharma et aL, (1996a; 1996b & 1997) used the Indian Remote Sensing satellite to study the 
mosquito distribution around Delhi, India. The water bodies with marshy areas, vegetation 
and human settlement were considered to be primarily responsible for mosquito abundance. 
Supervised classification was used to produce land use and land cover maps. A survey of 
larval and adult mosquito density was performed concurrently in the study sites. Results 
indicated that the spatial variation of mosquito densities was positively correlated with water 
bodies and vegetation in some study sites. 
Gleiser et al. (1997) recently used NDVI generated from NOAA-AVHRR and other data to 
study the abundance and dynamics of Ae. albifasciatus (the vector of western equine 
encephalitis) in the south of Mar Chiquita Lake of Argentina. The adults, larvae and pupal 
stages of the mosquito were sampled at 5 sites. The results of correlation analysis between 
adult and pre-adult mosquito densities and meteorological data and NDVI indicated that 
NDVI was significantly correlated with the mosquito abundance, and particularly the pre- 
adult stages. As NDVI could be used to estimate larval abundance, it could also be used to 
predict adult abundance seven days in advance. 
Thomson et A (1997) studied the spatial relationship between 2R chromosomal inversion 
polymorphisms; of An. gambiae using NDVI and rainfall in 16 sites throughout Mali. They 
used monthly composite NDVI values obtained from each collecting site at the time of 
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sample collection. The analysis indicated a highly significant correlation between the 2R 
inversion in the population and NDVI values, with higher frequencies being associated with 
low NDVI value. 
In conclusion, the use of remote sensing data in mapping mosquito spatial and temporal 
distribution and abundance has great potential. But most of the present studies are on a very 
small scale and lack validating studies. Nevertheless, a system that integrated remote sensing 
data with other data sources such as meteorological and landscape data, into GIS would be a 
potentially powerful tool for mosquito mapping, and assessing abundance and dynamics in 
the future. 
3.3 GIS, remote sensing, malaria mapping, stratification, surveillance and prediction 
Recent re-assessment of the global malaria control strategy has led to the development of 
more flexible and more reliable approaches to malaria control, which consider the 
requirement of local conditions (WHO, 1993). An essential element in this development is 
recognition of variability of environmental and epidemiological parameters, which influence 
the pattern of malaria transmission risk. One of the four key technical elements of the 
strategy is to detect epidemics early so as to contain or prevent them. Therefore, new tools 
are urgently needed to help health planners to study the variability of malaria, set up effective 
surveillance systems, and predict malaria epidemics. GIS and remote sensing may assist in 
this process. 
3.3.1 GIS, remote sensing and malaria mapping 
Mapping of malaria has long been considering an important step for malaria control 
programs. A simple sketch map of malaria could highlight where high risk malaria areas are 
and where malaria tends to be epidemic, so that we need to keep alert, and where malaria 
control should be focused and where is no malaria transmission. The integration power of 
GIS and the digital nature of its database make it particularly suitable for mapping and easily 
updating the risk of malaria and to guide malaria control services. One might simply map 
malaria distribution with the available routine data. - The simple map will help public health 
authorities to know where malaria is, what are the patterns of malaria distribution and how 
high the risk of malaria is in different places,, as well -as recording any changes in malaria 
spatial distribution patterns. This simple information will help malaria control authorities and 
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malariologists to identify where malaria control should be focused to achieve maximum 
benefit. Due to the unreliability of routine data (mostly underreporting), we might use point 
data to model malaria distribution based on interpolation technology in a GIS as discussed in 
section 3.1.1. We could also map malaria transmission and spatial distribution based on its 
determinants by mathematical or statistical modelling by using variables such as altitude, or 
land use, or temperature, or rainfall or satellite imagery derived infort-nation . Recently, the 
mapping malaria risk in Africa (MARA) initiative has been using GIS to model and map the 
malaria risk in the whole continent of Africa (Snow et al., 1996; le Sueur et al., 1997). They 
used fuzzy logic climate suitability to model the malaria transmission in Africa, based on 
biological constraints of temperature and rainfall on malaria parasites and their vectors' 
development (Craig et al., 1999). The continental malaria suitability map derived from the 
fuzzy logic climate suitability model compared well with contemporary field data and 
historical 'expert opinion' maps. They combined a review of the literatures on malaria 
surveys in Africa and the resulting continental risk map derived from the fuzzy logic model 
to estimate malaria morbidity and mortality in Africa (Omumbo et al., 1998; Snow et al., 
1999a; Snow et al., 1999b). Although the model is still crude with low resolution (5 x5 kml),. 
it might go beyond 'best guess'. 
3.3.2 GIS, remote sensing and malaria stratification 
Stratification is the process of uniting strata (area, population, situation) that have in common 
a set of specified characteristics (WHO, 1986; Singh et al., 1990). The ideas of stratifying 
malaria originated from the features of epidemiological zones in terms of their determinants. 
Many factors may be stratified and contribute to the epidemiology of malaria, such as the 
distribution and prevalence of parasite species, anti-malarial sensitivity of parasites, the 
distribution, abundance and efficacy of vector species and their behavioural characteristics, 
the intensity of transmission, as well as ecological and geographical characteristics of 
different areas such as landscape, land-use patterns and land-cover, and meteorological 
conditions. 
One of the main functions of GIS is the selection of areas based on some logical and 
mathematical rules according to some specific criteria. The criteria may be spatial or 
nonspatial. Queries may be developed to stratify an area according to the incidence of malaria 
and intensity of malaria transmission, the distribution and abundance of malaria vectors, 
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topographical features, various land uses and land covers, hydrology, socio-economic 
situation, etc. Characteristics may also be combined. For example, we might stratify areas 
that have low altitude, have rice paddies that favour mosquito breeding and that are within 
3km of a water reservoir. Each of these attributes comprises a distinct data layer. With GIS, 
one can create a 3km buffer around the reservoir and then select areas meeting all three 
criteria. Richard (1993) used AtlasGIS to stratify onchocerciasis in an endemic area of 
Guatemala. Based on the knowledge that temperatures below an altitudes of 500 metres are 
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too hot to support high vector densities, while above 1,500 metres, cooler temperatures retard 
vector biting frequency and parasite development, he selected the communities lying between 
500 and 1,500 metres by using the GIS. The simple GIS query function stratified 2,939 
communities into higher and lower risk strata; only 1,288 communities were classified into 
higher risk communities in the endemic area. 
Malaria stratification should be dynamic and ongoing, with the capacity to accommodate 
both expected and unexpected changes (VMO, 1986). In reality, however, malaria 
stratification tends to be static and is often used over periods of decades despite the fact that 
malaria and environmental and socio-economic situations have changed. This is 
understandable either due to the difficulty of monitoring such changes, particularly for 
environmental data over large areas, or the long time needed for compiling, analysing and 
presenting the data set. Remote sensing of continuing measurements of environmental and 
ecological variables on a relatively short temporal cycle makes it particularly valuable for 
monitoring environmental variation, although cost issues remain. The digital nature of the 
GIS database facilitates updating of malaria distribution to incorporate remotely sensed 
environmental data, ecological situations and other surveillance data. Therefore, GIS and 
remote sensing make 'ongoing' stratification possible and much easier than before. 
3.3.3 GIS, remote sensing and malaria surveillance 
Malaria surveillance involves continuous malaria case detection, parasitological examination, 
anti-malarial drug treatment, epidemiological investigation, entomological investigation, 
malaria control, and assessment of the effectiveness of malaria control measures (WHO, 
1986). Malaria surveillance systems can-provide timely support for decisions concerning 
control of endemic malaria, identification of malaria epidemics and evaluation of malaria 
control measures. Many applications of malaria surveillance systems involve the collection, 
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compilation, and analysis of large quantities of data with spatial properties. GIS can provide a 
suitable framework for integration of spatial variables from various sources, including 
malaria cases, mosquito breeding sites, occurrence of antimalarial resistance and mosquito 
resistance to insecticides, demographic data, administrative boundaries, topography etc. A 
further advantage is that graphical displays are accessible to decision makers, helping them 
interpret the problem and decide on appropriate interventions. Remote sensing is particularly 
powerful in monitoring mosquito-breeding sites, predicting mosquito abundance and 
population dynamics, as reviewed in the section of 3.2 of this Chapter. However, a 
comprehensive spatial surveillance/stratification system can only be achieved if various data 
sources are integrated within a GIS. 
Kitron et al. (1994) developed a national surveillance system for breeding sites of Anopheles 
mosquitoes and imported malaria cases by using GIS in Israel in 1992. The database in the 
GIS surveillance systems included coverage of all settlements and roads in Israel, 
administrative boundaries, mosquito breeding sites, and location of imported cases. Mosquito 
data were routinely collected from all potential Anopheles breeding sites in the country 
between March and November. The imported malaria data were entered into an existing 
database file of all population centres in Israel. Any population centre with at least one 
malaria case was considered positive. All data on mosquito breeding sites and location of 
imported malaria cases were entered into DBASE files that were read by MapInfo. They 
calculated the distance between the positive population centres and mosquito breeding sites, 
and assessed the risk of malaria transmission with consideration of vector capacity and flight 
range of each Anopheles species. The GIS-based surveillance systems ensure that if a 
localized outbreak were to occur, it could easily be associated with likely breeding sites, a 
specific Anopheles vector and probable human source, so that prompt control measures could 
be mostly efficiently targeted. 
Nobre et al. (1997) developed their own GIS software, GISEip, for malaria surveillance by 
accurately identifying, where and when malaria cases occurred within communities in the 
Amazon region, Brazil. More recently, Ghebreyesus et al., (1999) used GIS to spatially 
analyze malaria distribution and monitor the coverage of community based control activity in 
relation to the population at risk in Tigray, Northern Ethiopia. They integrated population, 
health facility and community based malaria surveillance systems in the area into GIS 
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ArcView. This facilitated immediate visualization of the number of malaria cases in the 
community and helped to identify malaria 'hot spots'. 
3.3.4 GIS, remote sensing, malaria spatial and temporal prediction 
Point malaria data such as malaria parasitaernia, malaria incidence and mortality, are quite 
common in active malaria surveillance processes. GIS provides a range of interpolation 
techniques, as already discussed in section 3.1.2, which can use the point data to predict the 
malaria profiles in unsampled sites. The simplest method of interpolation is to use Thiessen 
polygons. The techniques assume that all important variations are homogeneous and isotropic 
within polygons (Cliff & Haggett, 1988). Other methods of interpolation embody a gradual 
spatial change method, such as linear interpolation, trend surface analysis, inverse distance 
weighted interpolation and kriging (Cliff & Haggett, 1988; Carrat & Valleron, 1992; Ribe iro, 
et al., 1996). Nevertheless, the predictive methods described above are purely mathematical 
modeling based on point data and its covariate distances among sampled points without 
consideration of biological mechanisms. Malaria prediction should be bared more on its 
biological mechanisms, and these determinants can be modeled. 
The principal factors that influence malaria spatial and temporal distribution are climate data 
such as temperature, rainfall and humidity (Dutta & Dutt, 1978; Onori & Grab, 1980; 
Molineaux, 1988; Bruce-Chwatt, 1991), which regulate the biology of the development of 
both mosquito and parasite. Traditionally, weather is usually measured at ground level for 
malaria spatial and temporal variation analysis and prediction studies (Gill, 1923; Swaroop, 
1946; Bourna & van der Kaay, 1994; Bourna & van der Kaay, 1996). With the recent 
advances in remote sensing, a set of satellite surrogate climate variables can be generated 
from satellite images. Temperature, rainfall., humidity, cold cloud days (CCD), land surface 
temperature (LST), sea surface temperature (SST), sea surface height (SSH) and NDVI can 
be obtained from meteorological satellites such as NOAA-AVHRR and Meteosat-HRR (Hay 
et al., 1996; Thomson et al., 1996; Thomson el al., 1997; Lobitz et al., 2000). Greenness, 
wetness and brightness can be obtained from high resolution satellites such as Landsat and 
SPOT (Dister et al., 1997; Mather, 1999). Hay & Lennon (1999) compared meteorological 
data of LST, atmospheric moisture and CCD derived from AVHRR of NOAA with estimated 
land temperature, atmospheric moisture and rainfall derived from spatial interpolation of the 
data from meteorological stations. They considered that there was no conclusive evidence for 
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optimality of either technique. GIS allows modem malariologists to combine malaria data 
with routine ground weather data as well as meteorological satellite data to study malaria 
spatial distribution in the broad climatic zones or regions. However, the spatial and temporal 
variations of malaria in the local areas or regions are strongly influenced by altitude, land 
use, land cover, deforestation, and soil etc. (Fonaroff, 1982; Molineaux, 1988; Service, 1991; 
Walsh et al., 1992; Bruce-Chwatt, 1991). High resolution imagery, such as from Landsat TM 
or SPOT, is particularly helpful for use of GIS to study malaria spatial distribution associated 
with smaller landscape features such as villages, rice fields, deforestation and reforestation by 
updating land use and land cover patterns and landscape features in a GIS. 
It is expected that changes of environmental components will affect the scale, nature and 
trends of tropical diseases, especially for malaria (Bradley, 1993). Global wan-ning will tend 
to increase transmission at higher attitudes on mountains in tropical areas and the spread of 
transmission towards temperate regions with low or no transmission (Bradley, 1993; 
McMichael, et aL, 1995; Lindsay & Birley, 1996; Patz, et al., 1996). The El Ni'no Southern 
Oscillation (ENSO), a global climate anomaly event, has been postulated to increase risk of 
malaria epidemics in the Indian subcontinent, Venezuela and Colombia (Bourna & van der 
Kaay 1994; Bourna & van der Kaay, 1996; Bourna. et al., 1997) , I- II. 
- .. The local enviromnental changes, such as deforestation, land use and land cover 
changes, will affect local malaria transmission dynamics (Service, 1991; Bruce-Chwatt, 
1991; Walsh et al., 1992; Molyneux, 1997). GIS and remote sensing are particularly valuable 
to study and predict malaria in currently changing environmental situations both locally and 
globally. The combination of landscape features and a global warming model in a GIS might 
allow one to model and then predict malaria spatial and temporal distribution locally or 
globally. Low-resolution satellite images such as AVHRR-VOAA can be used to monitor 
global sea surface temperatures and then identify ENSO (Parkinson, 1997), and NDVI can be 
used to study interannual. climate variability and map the spatial patterns of ENSO related 
events (Anyamba & Eastman, 1996). Therefore, GIS, combined with remote sensing data and 
other data sources, might give a better spatial and temporal malaria prediction under the 
effect of ENSO. Current deforestation, and land use and land cover pattern changes could be 
easily monitored by an earth-orbiting satellite such as Landsat or SPOT and the polar or 
meteorological satellites "HRR-VOAA and Meteosat-HRR (Skole & Tucker, 1993; 
Lillesand & Kiffer, 1994). GIS, integrated with the remote sensing and other data, will allow 
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us to study the effect of local environmental changes on malaria transmission dynamics in 
relatively large areas. 
Sharma and Srivastava (1997) used the remote sensing imagery and GIS to study the 
receptivity and vulnerability of a village to malaria in Sanjay lake and surrounding areas in 
Delhi, India. Based on their GIS analysis, they developed location specific malaria control 
strategies in their study areas. Thomson et al (1996) used GIS IDRIS1 software to integrate 
NDVI, CCD from meteorological satellites NOAA-AVHRR and Meteosat-HRR respectively, 
with the alluvial soil map and irrigation system map as well as malaria epidemiological and 
entomological data in The Gambia. The preliminary results indicated that the values of NDVI 
could be used to identify possible mosquito breeding sites. Estimates of rainfall from CCD 
give a good approximation of temporal and spatial patterns of rainfall. The NDVI and CCD 
were highly correlated with the abundance of mosquitoes. The paper suggested that low- 
resolution satellite data integrated with other data sources could help explain spatial and 
temporal variation in malaria transmission patterns and thereby provide a basis for the study 
of malaria variability, malaria environmental stratification and early warning. More examples 
of using GIS and remote sensing to predict malaria vector abundance and population 
dynamics were given in section 3.2 of this Chapter. 
Thomson et A (1997) studied the temporal relationship between NDVI derived from NOAA- 
AVHRR and clinical cases of malaria in Niger. The results indicated that there were 
considerable degrees of seasonal association. They concluded that satellite data might 
provide a good indication of the timing and length of the malaria transmission period and 
form an early warning system. 
Hay et aL (1998) used the NDVI, LST and CCD data derived from NOAA-AVHRR and 
Meteosat-HRR to model malaria seasonality in 5 community sites in Kenya. They compared 
the satellite derived variables with the mean percentage of total annual malaria admissions 
recorded in each month. They found that the NDVI in the preceding month correlated most 
significantly and consistently with malaria presentations across the 3 sites. They identified 
that a NDVI threshold of 0.35-0.40 was required for more than 5% of the annual malaria 
cases to be presented in a given month in the linear regression analyses. These thresholds 
were then extrapolated spatially with NDVI data to define the number of months, during 
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which malaria admissions could be expected across Kenya in an average year after masking 
the non-transmission zone with DEM data. 
In conclusion, GIS, integrated with remotely sensed and other environmental data, shows great 
potential for mapping malaria and its vector distribution, malaria risk stratification and 
surveillance. GIS and remote sensing could be useful tools for malaria spatial and temporal 
prediction through GIS and mathematical modeling. Nevertheless, malaria is a multi-risk factor 
disease. It is especially easily affected by socio-economic and human behavioral factors. Most 
previous studies focused on the landscape and environmental variables in their models although 
some started to incorporate some socio-economic variables in to their models (Thomson et aL, 
1999). Future models should incorporate socio-economic and human behavior variables to a 
greater extent. 
Chapter 4 
Phase I Study 
4.1 Objectives 
1. To map the principal landscape and environmental characteristics in the study area. 
2. To develop a geo-referenced database of malaria based on routine data. 
3. To combine information from objectives I and 2 to assess the contribution of 
environmental factors to the variability of malaria in the study area. 
4. To incorporate the results of the phase I study into specific hypotheses for the main field 
study (phase II). 
4.2 Methodology 
4.2.1 Study design 
The phase I study is primarily an ecological study, and explores the correlation between 
landscape, environmental, ecological factors and the malaria spatial distribution. This phase 
involved visiting various relevant agencies, organisations, health and governmental 
authorities to access likely sources of data. The analysis is dependent on analysing routine 
malaria data and existing landscape and environmental data (maps). Data collection was 
carried out from May to June 1997 
4.2.2 Study area and population 
The phase I study was carried out in the county of Yuanyang in the Red River basin area, 
Yunnan (Figure 4.1). Yuanyang is situated between 220 49'N and 23 0 19' N, between 1021 
27'E and 103* 19% and located in the middle and lower reaches on the western side of the 
Red River, approximately 150km north of Vietnam. The distance from South to North is 56 
kin and from East to West is around 54 km. The county has a total area of 2,200km2. Its 
environmental and malaria profiles are broadly similar to those of the rest of the Red River 
basin area. This county was selected because of 
a) Relatively high malaria endemicity. 
b) Co-endemicity of P. vivax and P. falciparum in most of its area. 
c) Terrain, land use patterns are representative of much of the Red River basin area. 
d) Relatively reliable data set on malaria over past decade. 
e) Availability of environmental maps, such as terrain maps, land use maps, soil maps etc. 
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4.2.2.1 Topography 
Yuanyang County, is a mountainous area with a vertical landscape and climate sequence, the 
highest altitude is 2,939 metres and the lowest 144 metres in the county. The terrain is steep, 
almost no flat area within the county. Generally speaking, the gradient of terrain of the 
county is over 20'. The Red River forms the boundary between Yuanyang county and 
Janshui county and Gejiu city in the north (Figure 4.1). It has a boundary with Jingping 
county in its south and southeast parts and with Honghe county to the west. There are various 
land-use types in the county, such as paddy fields, dry crop fields, and various tropical fruit 
plantations etc. The forest cover is around 25% of the total land area. 
4.2.2.2 Climate 
The county has a sub-tropical monsoon climate with a mean temperature of 16.41C, and an 
annual mean precipitation of 1,421mm. The temperatures are negatively correlated with 
altitude in the county. The annual mean temperature is around 11.6 "C - 12.8*C above the 
altitude of 1,800 metres, and 17'C - 21"C below 800 metres. Figure 4.2 shows the long-term 
monthly mean temperature in the highlands (the county meteorological observatory was 
located at the altitude of 1,543 metres above sea level before September 1997) from 1986 to 
1995. The monthly mean temperature in the lowlands (the meteorological observatory was 
moved to the lowland at an altitude of 265 metres at the end of 1997) from 1998 to1999 is 
also shown in Figure 4.2. The altitude difference of 1,278 of the observatories is reflected in 
an annual mean temperature difference of 8j J OC, or a temperature fall of 0.650C per 100- 
metre altitude. 
There are two seasons in Yuangyang County. The rainy season is from May to October, the 
dry season from November to April. 80% of the annual rainfall was in the rainy season, and 
50% of the annual rainfall occurred from May to July. Nevertheless, the amount of rainfall is 
not homogeneously distributed in the county. The highlands have much more rain (Figure 
4.3) and a much higher humidity than the lowlands (Figure 4.4). 
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Figure 4.2. The mean temperature in the highlands and lowlands in Y uanyang, Yunnan, China 
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Figure 4.4 The mean relative hurridity in the highlands and lowlands in Yuanyang, 
Yunnan. China 
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4.2.2.3 Population 
The total population in the county is 335,290, based on the data of the 1990 census. There are 
936 natural villages, which formed 131 administrative villages. The 131 administrative 
villages form 15 administrative townships in the county. There are 17 ethnic minority groups 
in addition to the Han Chinese group in the county. The population is made up largely of the 
following ethnic groups: Hani (52.6%), Yi (23.7%), Han Chinese (12.4%), Dai (4.7%), Miao 
(3.3%), Yiao (2.2%) and Zhuang (1%). The same ethnic groups tend to live together, 
spatially, in the same villages or in the villages with roughly similar landscape and ecological 
environment. The majority of the population is involved in farming. Around 10% of them 
have migrated from outside into the county, in which they plant bananas and other tropical 
fruit trees and have mining activity, The migrants mostly reside in the valley in the low 
altitude areas. Local temporary immigration is also common in this county, mostly people 
from the top of the mountain who migrate into lower altitude areas for farming and mining. 
The immigrant groups generally have little immunity to malaria as they come from areas of 
lower or zero endemicity. 
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4.2.2.4 Malaria and its vectors 
Malaria transmission is perennial in the lower altitude areas, peaking in the rainy season from 
May to November where P. falciparum and P. vivax co-exist. The principal vectors of 
malaria are An. minimus and An. sinensis. The paddy terraces are irrigated by very clear and 
slow running spring water in the mountain, providing very suitable environments for 
breeding of both An. minimus and An. sinensis in the county (Dong, 1993 and Zhuo, 1991). 
The mean malaria incidence was around 5 per thousand persons per year over the past ten 
years in the county. Since 1989, the number of malaria cases has led it to being ranked as one 
of the two most malarious counties in Yunnan and this was one of the main reasons for 
selecting this county for the phase I study. 
4.2.2.5 Malaria control and data reporting systems 
The Bureau of Health in the county plays the leading role in the malaria control programme. 
The County Epidemic Prevention Station (CEPS) is responsible for advising on the strategy 
and measures for malaria control to the Bureau of Health in Yuanyang. CEPS is also 
responsible for carrying out malaria control and routine surveillance based on the Bureau's 
decision, and for collecting and compiling of routine malaria data. Each township has its own 
hospital. The disease control and surveillance groups in township hospitals are responsible 
for the malaria control and surveillance programme in the townships. Their jobs also include 
reading blood slides that have been submitted by village doctors in village clinics and the 
staff from the township hospital laboratory. They make the final diagnosis of the blood slides 
and report malaria data to CEPS monthly. Each village has its own clinic which is responsible 
for taking a blood slide from whoever has febrile episodes, and submits the blood slides with 
relevant demographic data to their township hospital weekly in the main malaria transmission 
season. There are three county level hospitals in the county. The hospital laboratory 
technicians read blood slides in their own hospital laboratories, and report malaria data to 
CEPS every month directly. The data reporting systems are shown in Figure 4.5. 
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Figure 4.5. A paradigm of malaria routine data reporting and surveillance system in Yunnan 
Yunnan Institute of Malaria Control 
--- 
1 
(17 prefectures in Yunnan) 
-- 1 (128 counties in Yunnan) Prefecture's Epidemic Prevention Stations 
County's Epidemic Prevention Stations County Hospitals I (Yuanyang) 
Hospital Disease Control Groupsl4lTownship Hospitals 
A11 
(15 townships) 
Administrative Village Clinics II (13 1 adýinistrative villages) 
Febrile Cases 1 (335,290 persons) 
4.2.3 Data collection 
4.2.3.1 Malaria and population data 
The first steps of the data collection involved visiting the CEPS in Yuanyang to collect 
routine malaria data for the past 10 years (from 1987 to 1996). If the malaria data were not 
available or not properly recorded in the CEPS, the disease control groups in the relevant 
administrative township hospitals were visited for further collection, checking and correction. 
The number of confirmed malaria cases in local permanent residents were collected at the 
administrative village level from 1987 to 1996. The data on malaria cases from the immigrant 
population and non-permanent residents were not collected. Although we originally hoped to 
collect detailed information on all individual cases for demographic and other variables such 
as, name of patient, age, sex, date of illness in reality it was not possible to collect so 
much data within such a short period, and this also applied to later stages of data entry and 
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data analysis in the phase I study. The data on the number of febrile cases examined in the 
county in previous decades were also collected. 
Data for population enumeration in each administrative village, ethnic group distribution, and 
other demographic data were collected from various government departments in Yuanyang. 
The population census data of 1990 were also obtained from the county government. 
4.2.3.2 Environmental data (maps) 
Topographical and terrain maps. The topographical and terrain maps, based on the air 
photogrammetry survey in 1969 and produced by the Chinese Military Authority in 1978, 
were collected from Yunnan Provincial Bureau of Land Survey and Cartography. There are 
six separate map sheets to cover the whole topographic and terrain features of Yuanyang. The 
scale of the topographical and terrain maps is 1: 100,000. The geographical co-ordinate 
system of the maps is Beijing 1954 Geographical Co-ordinate System with a latitude and 
longitude grid. The altitude contour system of the topographical maps is based on the 
Huanhai Altitude System of China, with an elevation contour interval of 40 metres. 
Land use map. A land use map (1: 150,000) of Yuanyang county was generated by the Bureau 
of Agriculture of Yuanyang County in 1986. It is based on the results of land use and soil 
surveys by the County government from 1983 to 1985. The geographical co-ordinate system 
of the map is the Beijing 1954 Geographical Co-ordinate System with a latitude and 
longitude grid. The categories were revised based on the characteristics of land use and land 
cover. 
Soil map. A soil map (1: 150,000) of Yuanyang County was produced by the Bureau of 
Agriculture of Yuanyang County in 1986. It was based on the results of the above land use 
and soil surveys and used the same geographical co-ordinate, system as the land use map. 
Administrative boundary map. The administrative boundary map (1: 100,000) was produced 
by the Bureau of Transportation of Yuanyang County in 1996. The boundaries were drawn 
based on the detailed land surveys by the Bureau of Land in the county in 1992. The 
landscape features and river. systems of the map were based on the 1: 100,000 topographical 
and terrain maps produced in 1978. ý The boundary map comprises county, township and 
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administrative village boundaries. There are no geographical co-ordinate grids on the 
administrative maps. 
Meteorological data (precipitation, temperature, humidity etc. ) for the past ten years were 
collected from the meteorological organisation in Honghe Prefecture Meteorological Bureau 
and Yuanyang Meteorological Observatory. The climate data were on a monthly basis. 
Meteorological maps were also obtained in Yunnan Provincial Meteorological Bureau, 
However, the scales of the maps were small as they were provincial maps. 
4.3 Data management and analysis 
4.3.1 Definition of malaria 
The criterion of confirmed malaria diagnosis is "a history of recentfever case with malaria 
parasites found on microscopic examination of thin andlor thick blood slides". The 
parasitaemia-positive cases with no fever, detected in an active parasitaemia survey, were 
not included in the analysis. 
4.3.2 Map digitisation and cleaning 
All thematic maps were traced from the original map sheets onto digitisation sheets (tracing 
pad of Mylar) prior to digitisation. They were digitised by using Summa graphics and the 
ARC/INFO software package of ADS module. All digitisation sheets were registered to a 
master tic file (with a minimum of eight tic positions for each sheet). The accuracy of the 
digitisation was assessed using the Root Mean Square error (RMS), which measures the 
errors between the new digitising session and a previous one (how well they were matched). 
RMS errors of 0.002 were acceptable when new data was digitised into existing coverage in 
the present study. If this RMS value was exceeded the tics were re-digitised. Because no 
geographical co-ordinates were on the administrative boundary sheet, 10 intersection points 
of streams (identifiable from both the administrative map and the topographical and terrain 
maps) were used as tic points for the administrative boundary map. 
After digitising, all coverages were constructed with their topology in ARC. Errors were then 
corrected in ARCEDIT and the final coverage then cleaned in ARC. And then all the 
coverages were geometrically corrected by using known tic co-ordinates (in 
latitude/longitude). To carry out spatial analysis among the landscape and environmental 
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maps, the spheroid angle co-ordinates (latitude/longitude) have to be projected onto a two- 
dimensional, flat surface planar co-ordinate system. Therefore, the spheroid co-ordinates 
(latitude and longitude) of all coverages (maps) in the present data base were then projected 
onto a planar co-ordinate system, the Universal Transverse Mercator (UTM) co-ordinate t1A 
system in ARC/INFO. UTM preserved the shape of, ýrea, the distortion of area is relatively 
small, and it works best for relatively small areas such as the present study area (DeMers, 
1997). The attributes of the spatial features were numerically coded and appended to relevant 
polygons and/or arcs attribute tables manually in ARCEDIT and ARCPLOT. 
The terrain maps of Yuanyang County consist of six separate map sheets. A 200-metre 
interval between contours was digitised. The six-sheets were digitised individually and were 
merged into one single map sheet to form the topographical and terrain features of 
Yuangyang county in ARCEDIT. The terrain maps were cleaned as polygons. The areas 
(polygons) between two contours were coded as being at the mean altitude of the two 
contours. The attribute of mean altitude of the polygon (terrain map) was appended to the 
relevant polygon attribute tables manually in ARCEDIT and ARCPLOT. The administrative 
village boundary map was overlain with a terrain map coded as polygons in ARCPLOT. The 
mean altitude of each administrative village was calculated according to all the terrain 
polygons weighted by the respective areas. The administrative village boundary maps were 
overlain with land-use and soil maps to calculate the proportion of area that each landscape 
element occupied within each administrative village. 
4.3.3 Spatial and statistical analysis 
Malaria and population data were entered into an Excel spread-sheet. After re-checking and 
cleaning, the data were transferred into ASCII file format, and then attached onto the INFO 
file in ARGINFO using a common identification number. The data were also transferred 
into STATA file format for further statistical analysis. 
Malaria incidence rates were calculated for each individual administrative village based on 
routine malaria data. The numerator, of the incidence. rate was the number of the confirmed 
malaria cases (episodes) reported during the year. Mixed infections were counted both as P. 
vivax and P. falciparum infections. All malaria episodes were counted separately, whether 
they occurred injsarne person or not, provided they were distinct from each other (episodes at 
time intervals of 28 days or longer were considered to be separate cases, if they had taken full 
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dosages of anti-malarials). The denominator of the incidence rate is the population in the 
administrative village for the year. Malaria incidence rates were calculated for each 
individual administrative village during the 10-year period. As the malaria incidence rates 
were not normally distributed, they were transformed onto a logarithmic scale after adding 
one (Log (x + 1)] and geometric mean incidence rates were calculated in each 
administrative village for the past 10 years by taking the antilog of the mean logged data 
[Y-Log(x + 1)/n], and then subtracting 1. The geometric mean incidence rates of P. 
falciparum, and P. vivax were input into ARC/INFO in each individual administrative village 
coded area. Two malaria coverages, for P. falciparum and for P. vivax, were generated in the 
ARC/INFO environment accordingly. Malaria and population are assumed to be distributed 
homogeneously within an administrative village. 
The data analysis used the display and integration capability of GIS, showing malaria 
distribution against the coverages of various landscape and environmental variables. The 
statistical analysis was based on the administrative village level. The landscape and 
environmental variables of each administrative village were obtained through overlaying the 
boundary map with the topographical maps, land use map and soil map. Geometric malaria 
incidence rates in each administrative village were used as dependent variables, the landscape 
and environmental variables were used as independent variables. Prior to statistical analysis, 
the landscape proportions of administrative villages were subjected to an angular 
transformation, as is required to normalise proportional and percentage data prior to analysis 
(Armitage & Berry, 1987). These transformed elements were subsequently used as the 
variables in statistical analysis. Multiple"logistic regression was used to discriminate the 
importance of different variables in relation to the high and low incidences of P. vivax in 
administrative villages, and the present or absence of P. falciparum in the administrative 
villages. Crude odds ratios were estimated from univariate models and adjusted odd ratios 
were estimated after controlling for confounding effects of other variables. The analyses were 
carried out by using the software package STATA. To cope with spatial autocorrelation at 
administrative township level, multilevel logistic regression was used for the further analysis. 
The detailed methodology will be described in section 4.4.4 of this Chapter. 
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4.4 Results 
4.4.1 Malaria and environmental variables 
The population in Yuanyang was around 330,000 as shown in Table 4.1. During the 10-year 
period (1987-1996), a total of 330,796 blood slides from febrile patients was collected and 
examined among local permanent residents in Yuanyang County. The proportion of annual 
blood slide examinations for febrile patients ranged from 8.62% in 1996 to 12.04% of the 
population in 1988. The mean percentage annually of blood examinations was 9.88 over the 
10-year period. The detailed results are shown in Table 4.1. From 1987 to 1996, a total of 
13,768 P. vivax and 1,874 P. falciparum and II mixed Rvivax and Pfialciparum infection 
confirmed malaria cases were reported among local permanent residents. The overall mean 
incidence rates for P. vivax and P. falciparum infection were 4.2 and 0.6 per thousand person 
per year, respectively (mixed infection counted as both as P. vivax and P. falciparum 
infection) during the 10-year period. The annual variations of malaria incidence rates were 
obvious during the I 0-year period (Figure 4.6), particularly for P. falciparum. The number of 
malaria cases and malaria incidence rates peaked in 1991 and 1992, when there was a P. 
falciparum malaria outbreak in Nujiezai Township in the county (Yang et aL, 1992). There 
has been a trend of decreasing malaria incidence for both P. vivax and P. falciparum infection 
in the recent years as indicated in Figure 4.6, which might be due to strengthening of the 
malaria control measures after the malaria outbreak in Nujiezai (He Yuanchin, personal 
communication). To ensure a relatively homogenous socio-economic background of the 
study population and to reduce migration bias, the populations in small towns and the capital 
city of Yuanyang were excluded from both the numerator and denominator for further 
analysis. Since the people in the small towns and the capital city have a better socio- 
economic situation and are more mobile for business, it would be very difficult to identify 
where they obtained their infection. Consequently, 2,537 P. vivax and 493 P. falciparum 
malaria cases were excluded from present analysis because those cases came from the urban 
areas. 
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Table 4.1. Malaria and annual blood examination rate in Yuanyang ( 1997-1996) 
Year No. pop. No. slide 
1987 317,822 30,694 
1988 321,136 38,674 
1989 325.690 33,100 
1 1990 335,290 33,243 
1 1991 336,223 36,547 
1992 339,893 32,406 
1993 342,171 31,474 
1994 343,917 33,794 
1995 339,113 31,081 
1996 345,357 29,783 
Total 3346,572 33_0,796 
% No. P. vlvax No. P. falciparum No. mixed 
9.66 1,602 9 0 
12.04 1,766 21 0 
9.84 1,755 10 0 
9.91 1,424 32 0 
10.87 1,391 797 4 
9.53 1,911 193 0 
9.20 1,316 249 3 
9.83 1,152 335 4 
9.17 817 139 0 
8.62 634 89 0 
9.88 13,768 1,874 1 
Figure 4.6. Annual blood examination rates and malaria incidence rates in 
Yuanyang (1987-1996) 
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Of the 131 administrative villages, 8 (6%) had no P. vivax case reported during the 10-year 
period; 70 (53%) had no P. faciparum cases; and 78 (60%) had geometric mean incidence 
rates for P. vivax infection equal to or lower than 2 per thousand population during the 10 
year period. The 10-year geometric mean incidence rates of P. vivax infection ranged from 0 
(8 administrative villages) to 13.24 per thousand persons, and of P. falciparum from 0 (70) to 
1.56 per thousand persons. The overall geometric mean incidence rates for P. vivax, and P. 
falciparum of the 131 administrative village were 2.41, and 0.16 per thousand persons per 
year in the county during the 10-year period, respectively (Table 4.2). The spatial patterns of 
P. vivax and P. falciparum malaria incidence rates over the 10-year period are shown in 
Figures 4.7 and 4.8, respectively. As the Figures 4.7 and 4.8 indicate, malaria for both P. 
vivax and P. falciparum was highly variable within Yuanyang County. It was mainly 
distributed along the Red River. The ranked distribution of the geometric mean incidence 
rates of the 131 administrative villages in the County from 1987 to 1996 for P. falciparum 
and P. vivax are shown in Figures 4.9 and 4.10, respectively. 
Table 4.2. The mean of geometric mean incidence rates of P. vivax and P. falciparum 
malaria in the 131 administrative villages, Yuanyang, Yunnan (1987-1996) 
Incidence per 1000 persons per year S. D. Ranges 
P. vivax 
P. falcipanim 
2.41 
0.16 
2.69 
0.30 
0 13.24 
0 1.56 
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Figure 4.9. P. vivax in the 131 Administrative Villages, Yuanyang 
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There are remarkable variations of the terrain in Yuanyang County (Figure 4.11). The lowest 
place is at an altitude of 144 metres and the highest 2,939 metres above the sea level. The 
mean altitude for each administrative village in the county was derived using ARGINFO. Of 
the 131 administrative villages, 20 (15%) had mean altitudes lower than 1,000 metres; 58 
(44%) between 1,000 and 1,500 metres; only 3 (2%) over 2,000 metres. The village mean 
altitude ranged from 480 metres to 2,100 metres among the 131 administrative villages. The 
mean altitude of all the 131 administrative villages is 1,396 metres (with the standard 
deviation of 361). Figure 4.12 shows the ranked mean altitude distribution of the 131 
administrative villages in Yuanyang County. The detailed spatial patterns of its topographical 
features are shown in Figure 4.11. 
The spatial distribution of land use patterns in the Yuanyang is shown in Figure 4.13. There 
are considerable variations of land use distribution. The quantification of land use patterns for 
each individual administrative village were through overlaying the administrative boundary 
map with the land use map. The total areas for each land use type were derived from the land 
use map for each administrative village in ARC/INFO. The database of the land use types of 
all administrative villages was exported into a spreadsheet. The proportion of each land use 
type over the total area within the administrative village was calculated for each individual 
administrative village for further statistical analysis. Around a quarter of the land is covered 
with forest, 10.2% of the land has dry crops planted, 20% of the land is barren, and 13.5% is 
used as paddy. Table 4.3 shows the summary results of land use for the whole county. 
There are 9 principal soil types in Yuanyang County (Figure 4.14). The dominant soil types 
are dark red soil and dry red soil, which are mainly distributed along the Red River. On visual 
inspection, the original soil classification is highly correlated with altitude as compared with 
the terrain map in Figure 4.11. The proportions of types of soils derived from the soil map 
were calculated for each individual administrative village in ARC/INFO. The methodology of 
deriving the proportion of soils for each administrative village from ARC/INFO is similar to 
that described in the last paragraph. Table 4.4. shows the summary results for the whole 
county 
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Figure 4.12. The mean altitudes of the 131 Administrative Villages, 
Yuanyang County, Yunnan 
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Table 4.3. Summary of land use classification and proportion of Yuanyang covered 
Land use element 
1<ýM2 Proportion 
Paddy field 295.9 13.5 
Dry crop field 230.4 10.4 
Tea, banana & other fruits 25.5 1.2 
Forest 563.5 25.7 
Bushes 446.0 20.3 
Barren land 585.3 26.7 
Bare Rock 17.9 0.8 
Total 2193.9 100 
Table 4.4. Summary of soil classification and proportion of Yuanyang constituted 
Soil y 
ýM2 Proportion 
Paddy soil 292.2 13.4 
Brick red soil 58.6 2.7 
Dark red soil 515.2 23.1 
Red soil 407.3 18.6 
Yellow soil 340.1 15.6 
Dry red soil 285.3 13.1 
Yellow brown soil 240.7 11.0 
Brown soil 26.9 1.2 
Purple soil 17.9 0.8 
Total 2184.2 100 
The total area difference between the land use map and the soil map was 9 km2as shown in 
Tables 4.3 and 4.4. The difference between the two is probably because the shrinkage of 
maps was different in the different storage environments of the maps. It could also be due to 
the effor of digifisation. 
The relationships between altitude and other angular transfomied land use variables In the 
131 administrative village were assessed. As shown in Figure 4.15 most land use variables in 
the administrative villages are significantly correlated with altitude. The relative amount of 
forests, dry crop land and paddy are positively correlated with altitude, suggesting that more 
forest, paddy and dry crop land are in the middle and higher altitude areas. Bush and barren 
land, however, are negatively correlated with altitude, suggesting that more bush and barren 
land are in the lower altitude areas (Table 4.5). The relative amounts of paddy and forest are 
also found to be correlated with barren land. The correlation matrix for altitude and soil 
variables in the 131 administrative villages is shown in Table 4.6. The distributions of paddy 
soil, red soil, yellow soil and yellow brown soil are significantly positively correlated with 
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Amude, su-T s1*11" thal I'Our Soils are mainly disiribmed in the middle and higher altitude 1-1ýc I t-I I- 
area. On the 0111cr hand, (he distribution of brick red soil, dark red soil and dry red soil are 
Significandy 11c"a(IMY correlated with almucle, suggesting Ilial these three soils are mainly 
disiributcd in the relatively lower altitude area. The correlation matrix confirms the visual 
, ippraisal Ilia( originally the soil classification was highly dependent on an aifiaide model. 
Besides, 1 nter-con-clat ion among soils was also observed (Table 4.0). The strong 
autocorrelation among landscape and land use variables might make it very difficult to assess 
the effect of the variables on the risk ofmalaria in an univariate analysis. 
Figure 4.19. ' The assDciation of altitude with land use variables in 131 administrative village in Yuanyang 
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Table 4.5. Correlation matrix resulting from altitude, angular transformed land use variables 
in the 131 administrative villages, Yuanyang 
Altitude Paddy Drycrop Tea 'Forest Bush Barren Rock 
Altitude 1.00 0.23 0.26 0.09 0.29 -0.22 -0.28 -0.08 
Paddy 0.23 1.00 -0.01 0.03 -0.13 -0.33 -0-18 -0.23 
Drycrop 0.26 -0.01 1.00 0.27 -0-18 -0.23 -0.07 0.03 
Tea 0.09 0.03 0.27 1.00 -0.16 -0.20 0.10 -0.10 
Forest 0.29 -0.13 -0.18 -0.16 1.00 -0.15 -0.61 0.10 
Bush -0.22 -0.33 -0.23 -0.20 -0.15 1.00 -0.26 -0.06 
Barren -0.28 -0.18 -0.07 0.10 -0-61 -0.26 1.00 -0.12 
Rock -0.08 -0.23 0.03 -0.10 0.10 -0.06 -0.12 1.00 
Table 4.6. Correlation matrix resulting from altitude, angular transformed soil variables* in 
the 131 administrative villages, Yuanyang 
Altitude Soill Soil2 Soil3 SOU4 Soil5 Soil6 Soil7 Soil8 Soil9 
Altitude 1.00 0.24 -0.20 -0.59 0.22 0.84 -0.80 0.68 -0.001 0.22 
Soill, 0.24 1.00 -0.20 -0.20 0.04 0.25 -0.30 -0.12 -0.21 -0.21 
Soil2 -0.20 -0.19 1.00 0.27 0.17 -0.15 -0.23 -0.16 0.16 -0.01 
Soil3 -0.59 -0.20 0.27 1.00 0.12 -0.59 0.24 -0.61 -0.06 -0.15 
Soil4 0.22 0.04 0.17 0.12 1.00 0.26 -0.53 -0.27 -0.04 -0.03 
Soil5 0.84 0.25 -0.15 -0.59 0.26 1.00 -0.69 0.44 -0.06 0.13 
Soil6 -0.80 -0.30 -0.23 0.24 -0.53 -0.69 1.00 -0.36 -0.11 -0.10 
Soil7 0.68 0.12 -0.16 -0.61 -0.27 0.44 -0.36 1.00 0.03 0.32 
soils -0.001-0.21 0.16 -0.06 -0.04 -0.06 -0.11 0.03 1.00 -0.04 
Soil9 0.22 -0.21 -0.01 -0.15 -0.03 0.13 -0.10 0.32 -0.04 1.00 
*Soil 1, soi12... soil9 are paddy soil, brick red soil, dark red soil, red soil, yellow soil, dry red soil, yellow brown 
soil, brown soil and purple soil, respectively 
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4.4.2 Univariate analysis 
The relationship between the risk of P. vivax malaria and landscape and environmental 
variables in Yuanyang was shown by plotting on a scatter diagram the log scale 10-year 
geometric mean incidence rates against selected landscape and environmental variables 
(Figure 4.16). The relationships between environmental variables and the risk of Rvivax 
malaria were hardly linear among the majority of the variables, as shown in Figure 4.16. The 
interpretation of the non-lincarity is very difficult. It might be that the relationship between 
the risk of malaria and potential environmental determinants in the administrative villages is 
not linear in the study area. Partial autocorrelation among environmental variables makes it 
much more difficult to use simple linear and non-linear regression to assess the association 
between the risk of P. vivax malaria and the landscape and environmental variables. 
Furthermore, the variation of malaria reporting in different villages and townships might also 
confuse the relationship between the risk of malaria and their landscape and environmental 
indicators. Therefore, the errors of residuals due to reporting and other confounding variables 
is too big if we use simple linear regression to model the data. Hence, multivariate analyses 
should be used for further analysis. Nevertheless, the visual appraisals of the log scales risk 
of P. vivax malaria and the environmental variables show a negative correlation between 
altitude and risk of malaria. Also the administrative villages with more paddy fields tend to 
have a higher risk of Rvivax malaria, and there is a negative correlation between relative 
amount of dry crop land and risk of vivax malaria. 
The associations between the risk of P. falciparum malaria and landscape and environmental 
variables in the 131 administrative villages of Yuanyang were also plotted on the scatter 
diagrams (Figure 4.17). No significant associations were detected through simple linear 
statistical analysis or by visual appraisal, due to the majority of the administrative villages in 
the county having had no A falciparum infection over the I 0-year period. 
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Figure 4.16. The scatter diagram of log scale 10-year geometric mean incidence rates of P. 
vivax malarial and selected landscape and environmental variableS2,3 in the 131 
administrative villages, Yuanyang (1987-1996) 
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Figure 4.17. The scatter diagram of log scale 10-year geometric mean incidence rates of P. 
falciparum malarial and selected landscape and environmental variableS2,3 in the 131 
administrative villages, Yuanyang (1987-1996) 
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4.4.3 Results of logistic regression modelling 
Multivariate regression is commonly used in the analysis of the detenninants of disease 
distribution, especially for multi-risk phenomena such as malaria. Multivariate linear 
regression might be not suitable for the present analysis because the relationship between 
malaria and environmental variables is not linear as shown in Figures 4.16 and 4.17. Poisson 
regression would be another choice, but the nature of malaria epidemiology in the study area 
is that the disease is unstable and prone to outbreaks and epidemics. Therefore the data would 
be unstable, the regression model would give more weight to the area which had an epidemic 
or outbreak during the data collection period. Hence, logistic regression was used to quantify 
the risk factors of the administrative villages with higher P. vivax incidence versus the 
villages with the relatively lower incidence, and the villages with P. falciparum infection 
present versus those free of P. falciparum infection during thelO-year period from 1987 to 
1996. 
For P. vivax malaria, the 131 administrative villages were arbitrarily divided into two groups. 
Those villages with the geometric mean P. vivax incidence rates over 2 cases per thousand 
persons per year over the ten years period (1987-1996) were classified into the high risk 
group, and those equal to or lower than 2 per thousandpersons were classified into the low 
risk village group. The same criteria were also used by the malaria control authority as the 
threshold to stratify whether or not an administrative village was considered as a high risk 
village in the county (Guo Hongping, personal communication). Based on those criteria, 53 
and 78 administrative villages were classified into the high and low risk groups for A vivax 
infection, respectively. The mean incidence rate of the high risk group villages was 4.92 per 
thousand persons per year (with a standard deviation of 2.56, range from 2.06 to 13.24 per 
thousand persons per year) from 1987 to 1996. The mean incidence rate of the low risk group 
villages was 0.7 per thousand persons per year (with a standard deviation of 0.68, range from 
0 to 1.97 per thousand persons per year) from 1987 to 1996. The difference of the means 
between two groups was statistically significant using a West (t = -13.88, P<0.004). 
From 1987 to 1996, P. falciparum infection had only been reported in 61 administrative 
villages in Yuanyang. In 70 administrative villages no single P. falciparum case had ever 
been reported during the 10-year period. The villages were divided into two groups; group 
one with no single indigenoulsfal, ciparum malaria case reported and group two at least one 
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indigenous falciparum malaria case reported in the administrative villages from 1987 to 
1996. 
In order to see the general trend of association between malaria and environmental variables, 
land use variables in the administrative villages were categorised into three equal sized 
groups, i. e. tertile groups. Although this will vary from study to study, thus making it difficult 
to compare findings, it is quite a sensible way of choosing the grouping intervals provided the 
actual intervals are reported (Clayton & Hill, 1993). 
To see general trend, the high versus low risk of P. vivax malaria, "witIf ' versus "without" P. 
falciparum malaria administrative village groups were tabulated for the different categories 
of the environmental variables. The analysis was then to fit one variable at a time into the a 
logistic regression model to see crude association between the risk of P. vivax or P. 
falciparum malaria and each environmental variable. The odds ratio was used to estimate to 
the strength of the association between malaria and the environmental variable in the model. 
The test for trend for the risk of malaria at different categories of environmental variables 
were also carried out as shown in the tables. 
The results of crude analyses (Tables 4.7 and 4.8) indicate that the higher the altitude of the 
villages, the less the risk of malaria. People living in the villages with mean altitude over 
1,000 metres had just around one quarter of the risk for vivax malaria and one third of the 
risk for falciparum malaria of those people living at a mean altitude lower than 1000 metres. 
Crude analyses also revealed a probable negative correlation between the risk of malaria and 
the relative amount of dry cropland in the administrative village. The more paddy fields in the 
villages, the higher risk of malaria for P. vivax and P. falciparum but they were not 
statistically significant in the crude modelling. Bush was negatively correlated with vivax 
malaria. The other land use types do not seem to be the important indicators of malaria. 
The association of environmental variables with risk of malaria in the administrative villages 
might be confounded by other variables. A multivariate logistic regression model for P. vivax 
malaria was fitted by adding one variable at a time, and comparing the fit of the new model 
with that of the previous model, using the likelihood ratio test. Variables, which improved the 
fit of the models were retained. Consequently, the altitude, and the relative amounts of paddy 
and dry cropland were included in the final model. The forest was also included in the final 
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model due to considering its aetiological importance for malaria in the study area. The same 
set of environmental variables for P. vivax malaria were included in the final model of P. 
falciparum malaria, due to the consideration that P. falciparum and P. vivax have similar 
aetiological factors and relatively few P. fackiparum malaria cases under study, which could 
result in unstable point estimates during the modelling. The strengths of the association 
between malaria with other land use variables (the variables did not include in the final 
model) with malaria were also assessed by adding one variable a time into the final model to 
see the point estimates. The variables in the final models for both P. vivax and P. falciparum 
malaria are shown in the last column of Tables 4.7 and 4.8 as bold, respectively. 
In the final model, the negative association between the risk of malaria and altitude became 
stronger as compared with crude analyses. The people living in administrative villages with a 
mean altitude over 1,000 metres had less than one fifth of the risk of malaria than those living 
below 1,000 metres. A slightly higher risk was shown in the villages with mean altitude over 
1,400 metres than those villages located between 1,000 to 1,400, although 95% confidence 
intervals of the ORs of two groups overlapped considerably, implying no significant 
difference. People residing in the higher altitude areas were more likely to migrate to lower 
altitude areas to work. Therefore, they were likely to get infection in the lowlands. Although 
we intended to eliminate the imported cases during the stage of the data collection, it is 
unlikely that we were able to eliminate all the imported cases totally. This misclassification 
resulted in the falsely higher risk of malaria in the highlands. 
The final models indicate a stronger positive association between malaria for both P. vivax 
and P. falciparum and the relative amount of paddy in the administrative villages. The initial 
underestimation of ORs in the crude analysis may be due to the positive correlation between 
the mean altitude and the relative amount of paddy and forest per administrative village as 
shown in Table 4.5. The more paddy field uphill on the mountain than in the lower altitude 
areas might be due to more rainfall and more spring water for irrigation. 
The adjusted analyses also reveal a stronger negative association between the risk of vivax 
malaria and the amount of dry crop field and bush land in the villages (Table 4.7) and a 
stronger negative association between the risk of falciparum malaria and the relative amounts 
of dry crop fields and bare rocks (Table 5.8). 
The results of the final modelling also suggest a positive correlation of the relative amount of 
forest and the risk of malaria, although the differences between the two groups are not 
statistically significant. 
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Table 4.7. Logistic regression modellin g of high risk' versus low risk' P. vivax malaria, 
altitude and land use variables in the 13 1 administrative villages, Yuany ng (1987-1996) 
Variables' High risk Low risk Crude odds Adjusted odds 
group group rati03 ratio3,4,5 
Altitude 
<=1000 13(24.53) 7(8.97) 1 
-1400 12(22.64) 30(38.46) 0.22(0.07 
0.67) 0.14(0.04 0.57) 
-1600 28(52.83) 41(52.56) 
0.37(0.13 1.04) 0.17(0.04 0.69) 
P=0.03 P =0.02 
Paddy 
I" tertile(O - 0.334) 14(26.42) 30(38.46) 1 1 
2 nd tertile(O. 335 - 0.463 17(32.08) 26(33.33) 1.40 (0.58 3.38) 2.08(0.72 5.97) Ptertile(O. 465 - 1.040) 20(41.51) 22(28.21) 2.14 (0.90 5.10) 7.23(1.89 20.46) 
P=0.22 p=0.01 
Drycrop 
V tertile(O - 0.244) 24(45.28) 20(25.64) 1 1 
2 nd tertile(O. 246-. 364) 22(39.62) 22(28.21) 0.80 (0.34 1.85) 0.78(0.30 1.96) 
3'dtertile(O. 365-0.792) 36(15.09) 36(46.15) 0.19 (0.07 0.49) 0.21(0.08 0.61) 
P =0.002 p=0.01 
Tea & fruit land 
is' tertile(O - 0) 21(39.62) 23(29.49) 1 1 
2 nd tertile (0-0.082) 18(33.96) 25(32.05) 0.79 (0.34 1.84) 0.77(0.29 2.08) 
3'dtertile(O. 083-0.493) 14(26.42) 30(38.46) 0.51 (0.21 1.22) ' 0.64(0.23 1.67) 
P=0.31 P=0.63 
Forest 
I"t tertile (0-0.332) 18(33.96) 26(33.33) 1 1 
2 nd tertile(O. 340-0.620) 13(24.53) 30(38.46) 0.63 (0.26 1.52) 1.12(0.37 3.41) 
Ptertile(O. 628-1.040) 22(41.51) 22(28.21) 1.44 (0.62 3.36) 2.44(0.84 7.83) 
P=0.18 p=0.15 
Bushes 
is' tertile(O-0.301) 24(45.28) 20(25.64) 1 1 
2 nd tertile(O. 309-0.510) 12(22.64) 31(39.74) 0.32 (0.13 0.79) 0.20(0.06 0.64) 
Ptertile(O. 520-1.139) 17(32.08) 27(34.62) 0.52 (0.22 1.23) 0.41(0.12 1.32) 
P=0.04 P=0.02 
Barren land 
Pt tertile(O-0.359) 21(39.62) 23(29.49) 1 1 
2 nd tertile(O. 374-0.593) 13(24.53) 30(38.46) 0.47 (0.20 1.14) 0.93(0.32 2.75) 
3'dtertile(O. 595-1.114) 19(35.85) 25(32.05) 0.83 (0.36 1.93) 1.14(0.31 4.14) 
P=0.23 P= 0.95 
Bare rock 
V tertile (0-0) 17(32.08) 27(34.62) 1 1 
2 nd tertile(o -0.082) rd 17(32.08) 26(33.33) 1.04 (0.44 2.46) 1.54(0.52 4.54) tertile(O. 092-0.587) 3 19(35.85) 25(32.05) 1.21 (0.52 2.83) 2.18(0.77 6.21) 
P =0.90 P=0.34 
11 --. 1 AAA --- I-- . -- I LIUOV Villarva VYIUI Um. Iv &Ll%, ýLJ . V&V&" W-4 ý FWL A WWW Fý& jjý"& A&& US%ý L%al JY'ýaL* WýJV, 
classified into the high risk group, and those equal to or lower than 2 per 1000 annually were allocated to the 
low risk village group. 
2 Angular transformed proportion of land use variables of administrative villages in parentheses 395% confidence interval in parentheses 
4Adjusted for altitude, paddy field, dry crop land, forest 
5 Variables in the final model shown as bold 
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Table 4.8. Logistic regression modelling of with versus without Rfalciparum malaria, altitude 
and land use variables in the 131 administrative villages, Yuanyang, (1987-1996) 
Variable' With Without Crude odds Adjusted odds 
infection infection ratio 2 ratio2,3,4 
Altitude 
<=1000 14(22.95) 6(8.57) 1 
-1400 15(24.59) 27(38.57) 0.24(0.08 0.75) 0.16(0.04 0.63) 
-1600 32(52.46) 37(52.86) 0.37(0.13 1.08) 0.18(0.05 0.71) 
P=0.049 P =0.026 
Paddy 
I" tertile(O - 0.334) 17(27.87) 27(38.57) 1 
2 nd tertile(O. 335 - 0.463) 19(31.15) 24(34.29) 1.26(0.53 2.96) 1.62(0.60 4.34) 
3 rd tertile(O. 465 - 1.040) 25(40.98) 19(27.14) 2.09(0.89 4.89) 5.62(1.82 17.31) 
P =0.22 P-- 0.009 
Drycrop 
I st tertile(o - 0.244) 27(44.26) 17(24.29) 
2 nd tertile(O. 246-. 364) 23(37.70) 20(28.57) 0.72(0.31 1.70) 0.69(0.27 1.75) 
Yd tertile(O. 365-0.792) 11(18.03) 33(47.14) 0.21(0.08 0.52) 0.25(0.09 0.68) 
P=0.002 P=0.02 
Tea & fruit land 
I" tertile(O-0) 25(40.98) 19(27.14) 1 1 
2 nd tertile (0-0.082) 19(31.15) 24(34.29) 0.60(0.26 1.40) 0.53(0.20 1.39) 
Yd tertile(O. 083-0.493) 17(27.87) 27(38.57) 0.48(0.20 1.12) 0.55(0.21 1.42) 
P=0.22 P=0.34 
Forest 
I" tertile (0-0.332) 19(31.15) 25(35.71) 1 1 
2 nd tertile(O. 340-0.620) 19(31.15) 24(34.29) 1.04(0.45 2.43) 0.98(0.70 5.66) 
Yd tertile(O. 628-1.040) 23(37.70)- 21(30.00) 1.44(0.62 3.34) 2.45(0.85 7.04) 
P=0.65 P-- 0.24 
Bushes 
I" tertile(O-0.301) 24(39.34) 20(28.57) 1 1 
2 nd tertile(O. 309-0.510) 18(29.51) 25(35.71) 0.60(0.26 1.40) 0.55(0.20 1.50) 
Yd tertile(O. 520-1.139) 19(31.15) 25(35.71) 0.63(0.27 1.47) 0.59(0.20 1.77) 
P= 0.43 P=0.47 
Barren land 
I" tertile(O-0.359) 23(37.70) 21(30.00) 1 
2 nd tertile(O. 374-0.593) 18(29.51) -25(35.71) 0.66(0.28 1.53) 1.38(0.49 3.90) 
3rd tertile(O. 595-1.114) 20(32.79) 24(34.29) 0.76(0.33 1.76) 1.07(0.31 3.72) 
P =0.61 P= 0.79 
Bare rock 
I tertile (0-0) 20(32.79)" 24(34.29) 1 
nd 2 tertile(O -0.082) 16(26.23) 27(38.57) 0.71(0.30 1.68) 0.81(0.30 2.24) 
Yd tertile(O. 092-0.587) 25(40.98) 19(27.14) ý 1.58(0-68 '3.66) 2.65(0.97 7.24) 
P=O. 19 P=0.05 
'Angular transformed proportion of land use variables of administrative villages in p. arentheses 295% confidence interval in parentheses 3 
4 
Adjusted for altitude, paddy field, dry crop land, forest 
Variables in the final model shown as bold 
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The association between the soils and malaria for P. vivax and P. falciparum was also 
assessed by logistic regression modelling as shown in Tables 4.9 and 4.10. Crude analyses 
indicate that the relative amounts of brick red soil, red soil, yellow soil and yellow brown soil 
were significantly negatively associated with the risk of vivax malaria in the village. Crude 
analyses also suggested that the relative amount of brick red soil and yellow brown soil was 
significantly negatively correlated with the risk of falciparurn malaria in the village. The dry 
red soil was positively associated with P. falciparum malaria infection in the villages. 
Nevertheless, the association between soil types and malaria might be confounded by other 
potential confounding variables. Therefore, the associations were further assessed by adding 
one soil type variable a time to the final models of logistic regression to see whether the 
associations still existed. As shown in Figures 4.13 and 4.14, paddy fields in land use map 
and paddy soil basically overlapped, occupying the same area spatially. The original 
classification of soils for paddy soil might be based on the land use type, paddy field. 
Therefore, in the present analysis, we didn't adjust for the paddy field variable, as it is 
synonymous with the paddy soil variable. As expected, the results of the analysis indicate that 
the paddy soil was positively correlated with the risk of malaria (Tables 4.9 and 4.10), giving 
similar results to those described for the paddy field (Tables 4.7 and 4.8). The apparent 
association of the relative amount of red soil, yellow soil and yellow brown soil and risk of 
vivax malaria disappear after adjusting for confounding variables although brick red soil is 
still at the borderline. The positive association of dry red soil and risk of A falciparum 
malaria infection remained the same after adjusting for other confounding variables in the 
final model. The apparent association of the relative amount of yellow brown soil and brick 
red soil and risk of Afalciparum malaria disappear after adjusting for confounding variables. 
The results suggest that apparent associations between most soils and the risk of malaria for 
both P. vivax and P. falciparum were due to a confounding effect of altitude and other 
variables in the administrative villages. 
The paddy rice field provided the vital environment for mosquito breeding sites in the malaria 
transmission season. Therefore, it is paddy rice field that increased malaria risk in villages. 
Nevertheless, the original soil classification is hardly associated with mosquito ecology 
except for paddy soil. A soil classification based on their water retaining capacity would 
allow more meaningful analysis in the future studies. 
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Table 4.9. Logistic regression modelling of high risk' versus low risk' P. vivax malaria and 
soils in the 131 administrative villages, Yuanyang (1987-1996) 
Variables" High risk Low risk Crude odds Adjusted odds 
gro p group rati03 ratio 
3,4 
Paddy soil 
Is' tertile(O-0.338) 17(32.08) 27(34.62) 1 1 
2 nd tertile(O. 340-0.473) 15(28.30) 28(35.90) 0.85(0.36 2.04) 1.48(0.52 4.24) 
P tertile(O. 474-1.135) 21(39.62) 23(29.49) 1.45(0.62 3.38) 4.40(l. 37 14.18) 
P=0.46 P=0.03 
Brick red soil 
I" tertile(O-0) 22(41.51) 22(28.21) 1 1 
2 nd tertile(O-0) 22(41.51) 21(26.92) 1.05(0.45 2.43) 0.77(0.27 2.18) 
P tertile(O-0 648) 
9(16.98) 35(44.87) 0.26(0.10 0.66) 0.30(0.10 0.88) 
. P=0.006 P=0.07 
Dark red soil 
is' tertile(O-0.320) 19(35.85) 25(32.05) 1 1 
2 nd tertile(O. 328-0-585) 15(28.30) 28(35.90) 0.70(0.30 1.67) 
0.43(0.13 1.43) 
P tertile(O. 590-0.957) 
19(35.85) 25(32.05) 1.00(0.43 2.32) 0.60(0.16 2.18) 
P=0.66 P=0.38 
Red soil 
Is' tertile(O-0.348) 25(47.17) 19(24.36) 1 
1 
2 nd tertile(O 358-0 542) 
13(24.53) 30(38.46) 0.33(0.14 0.80) 0.39(0.13 1.14) 
. . 
877) 545-0 P tertile(O 
15(28.30) 29(37.18) 0.39(0.17 0.93) 0.42(0.14 1.21) 
. . P=O. 03 P=O. 16 
Yellow soil 
Is' tertile(O-0.315) 24(45.28) 20(25.64) 1 1 
2 nd tcrtile(O. 316-0.522) 
10(18.87) 33(42.31) 0.25(0.10 0.64) 0.44(0.12 1.61) 
P tertile(O. 528-0.868) 
19(35.85) 25(32.05) 0.63(0.27 1.47) 1.13(0.23 5.44) 
P=O 19 P=0.013 . 
Dry red soil 
Is' tertile(O-0) 15(28.30) 29(37.18) 1 
2 nd tertile(O-0) 15(28.30) 28(35.90) 1.04(0.43 2.51) 1.54(0.54 4.35) 
P tcrtile(O-1.28) 
23(43.40) 21(26.92) 2.12(0.90 5.00) 1.47(0.43 5.04) 
P=0.1.5 P=O. 69 
Yellow brown soil 
I' tertile(O-0) 23(43.40) 21(26.92) 1 1 
2 nd tertile(O-0.218) 18(33.96) 25(32.05) 0.66(0.28 1.53) 0.65(0.24 1.73) 
3rd tertile(O. 257-1.186) 12(22.64) 32(41.03) 0.34(0.14 0.83) 0.69(0.19 2.55) 
P=0.006 P=0.67 
Brown soil 
I" tertile(O-0) 20(37.74) 24(30.77) 1 
2 nd tertile(O-0) 18(33.96) 25(32.05) 0.86(0.37 2.02) 0.97(0.36 2.66) 
P tertile(O-1.038) 15(28.30) 29(37.18) 0.62(0.26 1.47) 0.48(0.17 1.35) 
P=0.54 P=0.30 
Purple soil 
is' tertile(O-0) 14(26.42) 30(38.46) 
2 nd tertile(O-0) 20(37.74) 23(29.49) 1.86(0.78 4.46) 1.47(0.54 4.03) 
3 rd tertile(O-0.250) 
19(35.85) 25(32.05) 1.63(0.68 3.89) 1.72(0.62 4.73) 
P=0.34 P=0.56 
'Those villages with the geometric mean P. vivax incidence over 2 pcr thousand per year in the past ten years 
were classified into the higher risk group, and those equal to or lower than 2 per thousand annually were 
allocated to the lower risk village group. 2 Angular transformed proportion of land use variables of administrative villages in parentheses 395% confidence interval in parentheses 4 Adjusted for altitude, paddy field, dry crop land, forest 
103 
Table 4.10. Logistic regression modelling of with versus without Rfalciparum malaria and 
soils in the 13 1 administ rative village s. YuanyanIZ, Yunnan (l9z5-/-19 6 ) 
Soils' With Without Crude odds Adjusted odds 
infection 
I 
infection ratio 2 ratio2,3 
Paddy soil 
is' tertile(O-0.338) 19(31.15) 25(35.71) 1 1 
2nd tertile(O. 340-0.473) 17(27.87) 26(37.14) 0.86(0.37 2.02) 1.64(0.59 4.60) 
3rd tertile(O. 474-1.135) 25(40.98) 19(27.14) 1.73(0.74 4.02) 6.96(2.08 23.26) 
P=0.24 P=0.008 
Brick red soil 
I' tertile(O-0) 23(37.70) 21(30.00) 1 1 
2nd tertile(O-0) 25(40.98) 18(25.71) 1.27(0.54 2.96) 1.02(0.38 2.70) 
31d tertile(O-0.648) 13(21.31) 31(44.29) 0.38(0.16 0.92) 0.40(0.15 1.10) 
P=0.02 P=0.12 
Dark red soil 
I" tertile(O-0.320) 20(32.79) 24(34.29) 1 1 
2nd tertile(O. 328-0.585) 18(29.51) 25(35.71) 0.86(0.37 2.02) 0.55(0.18 1.68) 
P tertile(O. 590-0.957) 23(37.70) 21(30.00) 1.31(0.57 3.04) 0.85(0.26 2.80) 
P=0.61 P=0.51 
Red soil 
is' tertile(O-0.348) 25(40.98) 19(27.14) 1 1 
2nd tertile(O. 358-0.542) 19(31.15) 24(34.29) 0.60(0.26 1.40) 0.84(0.31 2.30) 
P tertile(O. 545-0-877) 17(27.87) 27(38.57) 0.48(0.20 1.12) 0.53(0.19 1.45) 
P=0.22 P=0.43 
Yellow soil 
is' tertile(O-0.315) 25(40.98) 19(27.14) 1 1 
2nd tertile(O. 316-0.522) 16(26.23) 27(38.57) 0.45(0.19 1.06) 1.05(0.32 3.50) 
P tertile(O. 528-0.868) 20(32.79) 24(34.29) 0.63(0.27 1.47) 1.55(0.33 7.28) 
P=O. 19 P=O. 78 
Dry red soil 
I' tertile(O-0) 18(29.51) 26(37.14) 1 1 
2nd tertile(O-0) 13(21.31) 30(42.86) 0.63(0.26 1.52) 0.75(0.28 2.01) 
3rd tertile(O-1.28) 30(49.18) 14(20.00) 3.10(l. 29 7.42) 3.76(l. 10 12.84) 
P=0.002 P=0.03 
Yellow brown soil 
I' tertile(O-0) 26(42.62) 18(25.71) 1 
2nd tertile(O-0.218) 21(34.43) 22(31.43) 0.66(0.28 1.54) 0.66(0.26 1.69) 
P tertile(O. 257-1.186) 14(22.95) 30(42.86) 0.32(0.13 0.77) 0.62(0.18 2.12) 
P=0.04 P=0.63 
Brown soil 
V tertile(O-0) 21(34.43) 23(32.86) 1 
2nd tertile(O-0) 24(39.34) 19(27.14) 1.38(0.59 3.22) 1.77(0.66 4.71) 
31d tertile(O-1.038) 16(26.23) 28(40.00) 0.63(0.27 1.47) 0.53(0.20 1.41) 
P=O. 19 P=0.07 
Purple soil 
Vt tertile(O-0) 20(32.79) 24(34.29) 
2nd tertile(O-0) 21(34.43) 22(31.43) 1.15(0.49 2.66) 0.90(0.35 2.32) 
P tertile(O-0.250) 20(32.79) 24(34.29) 1.00(0.43 2.31) 1.01(0.39 2.62) 
I P=0.94 P=0.97 -Anguiar transiormea proporElon oi iana use variables of administrative villages in parentheses 295% confidence interval in parentheses 3 Adjusted for altitude, paddy field, dry crop land, forest 
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4.4.4 Multilevel cluster analysis 
4.4.4.1 Malaria clustering within administrative township 
The preliminary analysis described above was based on the assumption that the malaria risks 
are independent among the administrative villages. But if we visually check the spatial 
distribution of malaria in the Yuanyang, we find that malaria tends to be spatially auto- 
correlated (grouped spatially) as shown in Figures 4.7 and 4.8. The risks of malaria in 
adjacent administrative villages are much more similar than are the risks in far distant 
villages. Spatial autocorrelation of malaria among administrative villages is likely to be due 
to ecological factor aggregation, which favours similar malaria transmission among the 
clustering villages. The ecological situations could be defined as altitude, paddy, forest etc., 
which we could model. On the other hand, the spatial autocorrelation could be due to 
variables which we did not measure or couldnOt be measured such as the socio-economic 
situation among the villages and the performances of data collection in different towns and 
villages (Ecob, 1996). 
The unit of malaria surveillance and reporting for the villages was the township hospital in 
Yuanyang County as shown in Figure 4.5. The quality of data collected in a township was 
highly dependent on how well the staff performed in the hospital disease control group in the 
township hospitals of each administrative township. Therefore, the number of cases detected NV+%j 
and reported is likely to be determined,, by the performance of the team of the malaria control 
group in the township hospital. The performance of village doctors in routine surveillance is 
also likely to depend on peer pressure within the township since the village doctors would 
meet once a month with the malaria control group in the township hospital. Malaria is a 
vector-borne communicable disease, therefore the probability of people infecting each other 
within a cluster is very high. Hence the spatial autocorrelation among the villages was likely 
to be partly due to the malaria case reporting syste m of the township and transmission of the 
disease within the community. 
Table 4.11 shows the incidence rates of P. v Nax and P. falciparum malaria in the townships 
in Yuangyang over thelO-year period from 1987 to 1996. As shown in the table, there was 
great variation in the number of malaria cases reported among townships over the 10-year 
period. The lowest vivax malaria incidence rate for an administrative township was 0.07 per 
1000 persons, and the highest one was 8.17 per 1000 persons. Two townships had not a 
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single case report of P. falciparum infection over the 10-year period. The highest P. 
falciparum infection risk of a township was 2.42 perlOOO persons over the 10-year period. 
Malaria variation among townships might be partly due to reasons described above. 
Table 4.11 P. vivax and P. falciparum malaria distribution in the 15 Administrative 
Townships in Yuanyang County, Yunnan (1987-1996) 
Town. No. Pop. No. vivax Incidence/1000' No. falcip. Incidence/1000' 
Xinjie 258,712 1,569 6.07(5.77, 6.37) 81 0.31(0.25, 0.39) 
Nansa 114,100 932 8.17(7.66, 8.71) 46 0.40(0.30, 0.54) 
Salatuo 192ý278 92 0.48(0.39, 0.59) 21 0.11(0.07, 0.17) 
Shenchen 321,928 1,258 3.91(3.70, 4.13) 10 0.03(0.02, 0.06) 
Nujuezai 289sl59 982 3.40(3.19, 3.62) 699 2.42(2.25s 2.60) 
Gannian 174$114 62 0.36(0.28,, 0.46) 1 0.05(0.001, 0.04) 
Sanxinchern 196,761 113 0.57(0.48,, 0.69) 7 0.04(0.02, 0.08) 
Xiaoxinjie 218sll5 365 1.67(1.51, 1.85) 2 0.01(0.002, 0.04) 
Feng Chun Ling 308,788 2,352 7.62(7.32, 7.93) 421 1.36(l. 24, 1.50) 
Daping 192,396 843 4.38(4.10, 4.69) 3 0.02(0.005, 0.05) 
Penzihua 154s256 551 3.57(3.29, 3.88) 4 0.03(0.01, 0.07) 
Fanmaolin 158,912 432 2.72(2.47,, 2.99) 6 0.04(0.02, 0.08) 
Huanchaolin 284,140 20 0.07(0.05, 0.11) 0 
Ezha 181,851 43 0.24(0.17, 0.32) 0 
Maiie 
. 
252,475 
. 
1,617 6.41(6.10s 6.72) 80 0.32(0.26, 0.39) 
'95% cont-idence intervals in parentheses 
4.4.4.2 Multilevel model 
A multilevel model is a tool to analyse data with a hierarchical structure and allows us to take 
into account cluster correlation (Longford, 1993; Kreft & Leeuw, 1998) or so called "group 
effects" (Goldstein, 1995). Ignoring the group effects will result in falsely precise estimate 
(Jones & Duncan, 1996). In the present study we have two levels, administrative village and 
township. Here, we use simple linear regression with two levels as an example to understand 
multilevel modeling in the present study. Suppose Yjj is the response for administrative 
village i within townshipj. The response under study may depend upon a group of covariates 
Xy, with corresponding regression co-efficients 
YU =, 6, +Pxij + Cii, 
Where Ey is the normal model residual. However, one individual administrative village might 
be more similar to another from the' same township and hence the intercept might vary 
between townships. Therefore a two-level model is: 
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Yu =A +Pxii + Ili + cii 
Where the response is the sum of a fixed effect, P,, +, 8XU, and a random effect ýtj + cu., Vj is a 
random effect with variance (Y', reflecting the variation between townships. cy is a random 
effect with variance of a', reflecting the variation between the administrative villages. This is 
the basic structure of a two-level linear model. 
In the present study, logistic regression was used to model the odds of being a high risk or 
low risk vivax malaria administrative village and the odds of being in villages with and 
without falciparurn malaria infection over the past 10 year period with their landscape and 
environmental variables. In this case, let Yjj be a binary response (high versus low risk vivax 
malaria groups, with versus without falciparum malaria groups) for individual administrative 
village i in townshipj. The logistic regression model can be written as (Goldstein, 1995): 
Yy = TTjj + Ey 
Where 
Log[Tryj/(I-Trjj) I=a+, 6Xu + uj 
Therefore, the response Yy is the sum of a fixed part, a+, 6xu, and random part, Iij + cu. a is 
the vector of parameters corresponding to vector of covariates. ýIj is a random effect with 
variance of Cr2 , reflecting the variation between townships. The level I random part cu is 
deflned by a dummy variable equal to the square root of the expected count and variance 
constrained to 1 when assuming a logistic distribution (Goldstein, 1995 & Goldstein et al., 
1998). 
The model was estimated by using MIwiN (Goldstein et aL, 1998). The estimate procedure is 
iterative with second-order penalized quasi-likelihood (Goldstein and Rasbash, 1996). 
Parsimonious models included all the variables included in the ordinary logistic regression 
models for P. vivax and Rfalciparum malaria as described in section 4.4.3 in this Chapter. 
4.4.4.3 The results of multilevel logistic regression modeling 
The risk factors for vivax and falciparum malaria (high versus low risk administrative village 
groups, administrative village with versus without P. falciparum malaria) were analyzed by 
fitting a multilevel logistic regression model. Based on the results of the ordinary logistic 
regression analyses, the variables of the mean altitude, the relative amount of paddy, forest 
and dry cropland in the administrative villagesý were included into the final multilevel model. 
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The antilog values of the coefficients are the estimated odds ratio (Armitage and Berry, 
1987). The final multilevel logistic regression models for P. vivax and P. falciparum malaria 
are shown as bold in the last column of Tables 4.12 and 4.13, respectively. The other 
variables were also analyzed by adding one variable a time into the final model to appraise 
their aetiological importance on malaria which is also shown in the last column. The results 
of the final models of the ordinary logistic regression for P. vivax and P. falciparum malaria 
are also shown in the second column of the tables for comparison. 
The final multilevel models for P. vivax and P. falciparum malaria and mean altitude are 
shown in Tables 4.12 and 4.13, respectively. In the multilevel logistic regression model, the 
negative association between altitude and risk of vivax malaria is stronger, particularly in the 
middle altitude administrative village category. The results suggested a strong group effect 
with altitude. It might be due to more vivax malaria cases being reported in the villages 
located at middle altitudes, or P. vivax transmitted among the villages in the middle altitude 
area. The negative association between risk of falciparurn malaria and mean altitude as 
shown in Table 4.13, however, became weaker in the multilevel model, particularly in the 
high altitude administrative village categories on removing the group effect in the multilevel 
model. 
A strong positive association between the risk of vivax malaria and the amount of paddy 
within an administrative village was shown in the final multilevel logistic regression model. 
But the association between the two variables is weaker as compared the results with that in 
non-spatial ordinary logistic regression analysis, suggesting a stronger spatial autocorrelation 
in the townships with villages containing more paddy fields. It might be that more attention 
had been paid to areas with more paddy in routine surveillance systems, or malaria 
transmission occurred within the villages with more paddy fields or other characteristics of 
the villages with more paddy fields that we did not collect nor included them in the model. 
The negative association between falciparum malaria and paddy remained roughly the same 
in the final multilevel model as compared with that in non-spatial ordinary logistic regression 
analysis as shown in Table 4.13. 
0' The appearance of,, negative association between dry cropland and bush and vivax malaria in 
the administrative villages, demonstrated in the ordinary logistic regression model, disappears 
in the final multilevel model. Similarly, the appearance of a negative association between the 
108 
relative amount of dry cropland and the risk of P. faciparum infection also disappeared in the 
final model for P. falciparum malaria as did the appearance of a positive association between 
bare rock and risk of P. falciparum infection. The results suggest that the appearance of 
negative associations of those variables with malaria was largely due to spatial 
autocorrelation within administrative villages. It might be because less malaria cases were 
reported in this area in the routine malaria surveillance systems. 
The association between forest and the risk of vivax and falciparum malaria in the final 
04 
multilevel logistic regression model was shown in Tables 4.12 and 4.13. There was, ý-fbld 
higher risk in 2nd and 3rd tertiles of forest for vivax malaria as compared with that I` tcrtile 
of forest, suggesting a possible positive association between two variables. But this is not 
statistically significant. 
A similar method was also used to analyze the effect of other land use types by adding one 
0 
variable,, a time to the final multilevel logistic regression models such as tea and tropical fruit 
land, barren land and bare rock. There was no evidence of the association between risk of 
malaria in administrative villages and the land use variables of tea and fruit land, barren land 
and bare rock by multilevel modeling as shown in the last columns of Tables 4.12 and 4.13. 
The random parts of multilevel logistic regression models for P. vivax and P. falciparum 
malaria were shown in the last rows of Tables 4.12 and 4.13, respectively. The random parts 
of township level variance are at borderline signif icade for the P. vivax malaria model but 
significantfor P. falciparum malaria model, suggesting a strong spatial autocorrelation 
(group effects) of malaria within township. The variance could not be explained by variables 
included in the final model, presumably due to the performancedf township hospital staff's 
work, 'or other characteristics of the township which we did not collect and model in the 
multilevel model. 
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Table 4.12. Multilevel logistic regression modelling of high risk' versus low risk' P. vivax malaria, 
altitude and land use variables in the 131 administrative villages, Yuanyang (1987-1996) 
Variable 2 Adjusted odds Crude odds Adjusted odds 
ratio 
3 
ratio4 ratios 
5,6 
Altitude 
<=1000 I 
-1400 0.14(0.04 0.57) 0-08(0-01 0.69) 0.07(0.08 0.66) 
-1600 0.17(0.04 0.69) 0.23(0.03 1.69) 0.14(0.01 1.24) 
Paddy 
V tertile(O - 0.334) 1 1 1 2 nd tertile(O. 335 - 0.463) 2.08(0.72 5.97) 1.75(0.43 7.21) 2.30(0.34 6.29) Yd tertile(O. 465 - 1.040) 7.23(1.89 20.46) 3.23(0.67 15.55) 5.73(0.962.4.61) 
Drycrop 
l' tertile(O - 0.244) 1 
2 nd tertile(O. 246-. 364) O. 78(0 30 1.96) 1.36(0.40 4.64) 1.27(0.34 4.66) 
Yd tertile(O. 365-0.792) 0ýý 
L! 
21 0.08 0.61) 1.90(0.44 8.20) 0.64(0.14 2.81) 
Tea & fruit land 
is' tertile(O - 0) 1 
2 nd tertile (0-0.082) 0.77(0.29 2.08) 0.79(0.24 2.72) 0.75(0.20 2.77) 
Yd tertile(O. 083-0.493) 0.64(0.23 1.67) 0.50(0.12 2.10) 0.42(0.09 10.81) 
Forest 
I' tertile (0-0.332) 
2 nd tertile(O. 340-0.620) 
Yd tertile(O. 628-1.040) 
1.12(0.37 3.41) 1.10(0.28 4.32) 2.30(0.47 11.35) 
2.44(0.84 7.83) 0.89(0.25 3.19) 2.14(0.31 10.64) 
Bushes 
I" tertile(O-0.301) 
2 nd tertile(O. 309-0.5 10) 
Yd tertile(O. 520-1.139) 
0.20(0.06 0.64) 0.38(0.09 1.54) 0.36(0.07 1.88) 
0.41(0.12 1.32) 1.17(0.27 5.06) 1.44(0.22 
-9.17) Barren land 
ist tertile(O-0.359) I I I 
2 nd tertile(O. 374-0.593) 
d 
0.93(0.32 2.75) 0.81(0.21 3.07) 1.14(0.25 5.20) 
tertile(O. 595-1.114) Y 1.14(0.31 4.14) 1.05(0.28 3.88) 1.59(0.22 11.48) 
Bare rock 
0 tertile (0-0) 
2 nd tertile(O -0.082) 
rd 
1.54(0.52 4.54) 0.98(0.28 3.48) 1.29(0.28 4.41) 
tertile(O. 092-0.587) 3 2.18(0.77 6.21 0.47(0.11 1.90) 0.84(0.19 3.75) 
Random effect 
Township level variance(SE) 3.84(2.02) 
Village level variance (SE) I 
'Those villages with the geometric mean P. vivax incidence over 2 per thousand per year in the past ten years 
were classified into the higher risk group, and those equal to or lower than 2 per thousand annually were 
classified into the lower risk village group. 2 Angular transformed proportion of land use variable's of administrative villages in parentheses 
3 Odds ratio with 95% confidence interval in parentheses in ordinary logistic regressuion 
4 Crude odd ratios with 95% confiidencýlinterval in parentheses in multilevel logistic regressuion 
5Adjusted Odd ratios for altitude, paddy field, dry crop land, forest with 95% confidence interval in parentheses 
in multilevel logistic regressuion 
Variables in the final multilevel model shown as bold 
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Table 4.13. Multilevel logistic regression modelling of with versus without Rfalciparum malarial 
altitude and land use variables in the 131 admini, strative villagesYu nyang, (1987-1996) 
Va r-i a-b-I e-sT Adjusted odds Crude odds Adjusted odds 
rati03 rati04 ratio 5,6 
Altitude 
<=1000 
-1400 0.16(0.04 0.63) 
0.39(0.07 2.32) 0.24(0.04 1.81) 
-1600 0.18(0.05 0.71) 
0.84(0.16 4.36) 0.46(0.07 3.05) 
Paddy 
Is' tertile(O - 0.334) 
2 nd tertile(O. 335 - 0.463) 1.62(0.60 4.34) 
2.12(0.51 8.91) 2.13(0.49 9.16) 
3'dtertile(O. 465 - 1.040) 5.62(1.82 17.31) 
4.43(0.96 20.51) 6.20(l. 13 34.10)_ 
Drycrop 
I" tertile(o - 0.244) 1 
2 nd tertile(O. 246-. 364) 0.69(0.27 1.75) 1.20(0.34 4.21) 1.07(0.29 3.94) 
3rd tertile(O. 365-0.792) 0.25(0.09 0.68) 0.61(0.15 2.44) 0.61(0.14 
2.56) 
Tea & fruit land 
I" tertile(O - 0) 1 
1 1 
2 nd tertile (0-0.082) 0.53(0.20 1.39) 0.54(0.17 1.72) 0.38(0.12 1.33) 
Yd tertile(O. 083-0.493) 0.55(0.21 1.42) 0.49(0.13 1.88) 0.44(0.19 1.73) 
Forest 
I' tertile (0-0.332) 
2'd tertile(O. 340-0.620) 0.98(0.70 5.66) 1.97(0.55 7.11) 2.85(0.67 12.11) 
3rd tertileLO. 628-1.040) 2.45(0.85 7.04) 0.87(0.24 3.13) 1.33(0.32 5.67) 
Bushes 
I" tertile(O-0.301) 
2 nd tertile(O. 309-0.510) 0.55(0.20 1.50) 0.82(0.24 3.16) 1.00(0.23 4.21) 
3rd tertile(O. 520-1.139) 0.59(0.20 1.77 1.16(0.28 4.76) 1.98(0.61 11.42) 
Barren land 
Is' tertile(O-0.359) 
2 nd tertile(O. 374-0.593) 1.38(0.49 3.90) 0.97(0.27 3.48) 1.57(0.37 6.68) 
3'dtcrtile(O. 595-1.114) 1.07(0.31 3.72) 0.76(0.20 2.91) 1.4 9(0.20 11.09) 
Bare rock 
I" tertile (0-0) 
2 nd tertile(O -0.082) 0.81(0.30 2.24) 
0.81(0.22 2.96) 0.91(0.22 3.66) 
3rdtertile(O. 092-0.587) 2.65(0.97 7.24) 1.57(0.40 6.21) 2.59(0.56 11.89) 
Random effect 
Township level variance(SE) 3.69(1 . 83) Village level variance (SE) 1 
'Those villages with no single P. falciparum malaria infection were c mpared with those villages with at least 
one case of P. falciparum malaria infection. 'Angular transformed proportion of land use variables of administrative villages in pýrentheses 3 Odds ratio with 95% confidence interval in parentheses in ordinary logistic regressuion 'Crude odd ratios with 95% confidence interval in parentheses in the multilevel logistic regressuion 5Adjusted Odd ratios for altitude, paddy field, dry crop land, forest with 95% confidence interval in parentheses 
in multilevel logistic regression. 
6 Variables in the final multilevel model shown as bold 
ill 
The association between soils and their risks of for both P. vivax and P. falciparum malaria 
was also assessed by adding one soil type variablega time into the final multilevel logistic 
regression models for analyses. The results of the analysis were shown in Tables 4.14 and 
4.15. We did not adjust for paddy variable, when we analysed the effect of paddy soil on the 
risk of malaria, as already discussed in section 4.4.3 of this Chapter. The results of analysis 
indicated that the amount of paddy soil was positively correlated with the risk of malaria in 
the administrative villages in Yuanyang. The result was consistent with that of the analysis of 
land use variables with the risk of vivax malaria. Similarly, a positive association was 
identified between risk of falciparum. malaria and paddy soil as shown in Table 4.15. The 
apparent positive association between relative amounts of dry red soil and risk of vivax 
malaria disappeared after adjusting for confounding variables as well as spatial 
autocorrelation within the townships. It suggests that apparent associations of the soils and 
the risk of malaria are mostly due to the confounding effect of altitude and other confounding 
variables in the administrative villages 
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Table 4.14. Multilevel logistic regression modelling for high versus low riskI. P. vivax malaria 
and soils in the 131 administrative villages, Yuanyang(l 987-1996) 
SOIIS2 Adjusted 
3 odds ratio 
Crude odds 
ratioý 
Adjusted 
5 odds ratio 
Paddy soil 
V tertile(O-0.338) 
2 nd tertile(O. 340-0.473) 1.48(0.52 4.24) 0.99(0.22 4.42) 1.47(0.34 6.40) 
3'dtertile(O. 474-1.135) 4.40(l. 37 14.18)_ 1.75(0.33 9.18) 4.92(0.77 31.45) 
Brick red soil 
V tertile(O-0) 
2 nd tertile(O-0) 0.77(0.27 
2.18) 0.89(0.25 3.20) 0.79(0.20 3.15) 
Ptertile(O-0.648) 0.30(0.10 0.88) 0.31(0.08 
1.21) 0.37(0.09 1.52) 
Dark red soil 
I" tertile(O-0.320) 
2 nd tertile(O. 328-0.585) 0.43(0.13 
1.43) 0.40(0.11 1.48) 0.18(0.03 1.06) 
3'dtertile(O. 590-0.957) 
0.60(0.16 2.18) 0.56(0.16 1.96) 0.21(0.03 1.69) 
Red soil 
I" tertile(O-0.348) 
2 nd tertile(O 358-0 542) 
0.39(0.13 1.14) 0.27(0.07 1.10) 0.36(0.09 1.50) 
. . 0.42(0.14 1.21) 0.36(0.09 1.34) 0.36(0.09 1.45) 
3'dtertile(O. 545-0.877) 
Yellow soil 
I' tertile(O-0.315) 
2 nd tertile(O. 316-0.522) 
0.44(0.12 1.61) 0.29(0.08 1.10) 0.28(0.05 1.55) 
3'dtertile(O. 528-0-868) 
1.13(0.23 5.44) 0.54(0.15 1.93) 0.54(0.07 4.44) 
Dry red soil 
I" tertile(O-0) 1 1 1 
2 nd tertile(O-0) 1.54(0.54 
4.35) 1.65(0.46 5.89) 1.43(0.78 5.05) 
Ptertile(O-1.28) 1.47(0.43 5.04) 1.35(0.34 5.26) 1.66(0.29 9.57) 
Yellow brown soil 
is' tertile(O-0) 
2 nd tertile(O-0.218) 0.65(0.24 1.73) 0.33(0.09 1.26) 0.40(0.10 1.66) 
3'dtertile(O. 257-1.186) 0.69(0.19 2.55) 0.40(0.10 1.63) 1.08(0.16 7.14) 
Brown soil 
V tertile(O-0) 1 1 1 
2 nd tertile(O-0) 0.97(0.36 2.66) 0.81(0.20 3.30) 0.95(0.24 3.68) 
3"dtertile(O-1.038) 0.48(0.17 1.35) 0.47(0.13 1.75) 0.42(0.11 1.67) 
Purple soil 
V tertile(O-0) 
2 nd tertile(O-0) 1.47(0.54 4.03) 1.20(0.53 5.17) 1.37(0.75 5.07) 
Ptertile(O-0.250) 1.72(0.62 4.73) 2.09(0.56 7.80) 1 1.26(0.61 8.40) 
'Those villages with the geometric mean P. vivax incidence over 2 per thousand per year in the past ten years 
were classified into the higher risk group, and those equal to or lower than 2 per thousand annually were 
allocated into the lower risk village group. 'Angular transformed proportion of soil variables of administrative villages in parentheses 
3 Odds ratio with 95% confidence interval in parentheses in ordinary logistic regressuion 
"Crude odd ratios with 95% confidence interval in parentheses in multilevel logistic regressuion 
5Adjusted Odd ratios for altitude, paddy field, dry crop land, forest with 95% confidence interval in parentheses 
in multilevel logistic regressuion 
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Table 4.15. Multilevel logistic regression modelling of with, versus without, Rfalciparum 
ma larial and soil variables in the 131 administra. ive villages, Yuanya ng, (1987-1996) 
Soils' Adjusted odds 3 Crude odds 4 ti 
Adjusted odds 
ratJ05 ra io o ra 
Paddy soil - 
V tertile(O-0.338) 
2 nd tertile(O. 340-0.473) 1.64(0.59 4.60) 1.28(0.34 4.78) 1.49(0.36 6.12) 
P tertile(O. 474-1.135) 6.96(2.08 23.26) 2.87(0.79 10.41) 4.12(0.91 18.65) 
Brick red soil 
V tertile(O-0) 
2 nd tertile(O-0) 1.02(0.38 2.70) 1.70(0.47 6.16) 1.64(0.43 
6.31) 
P tertile(O-0.648) 
0.40(0.15 1.10) 1.78(0.48 6.50) 2.18(0.49 9.63) 
Dark red soil 
is' tertile(O-0.320) 
2 nd tertile(O. 328-0.585) 0.55(0.18 
1.68) 0.66(0.19 2.31) 0.43(0.10 1.88) 
P tertile(O. 590-0.957) 
0.85(0.26 2.80) 0.88(0.27 2.82) 0.74(0.15 3.69) 
Red soil 
I` tertile(O-0.348) 
2 nd tertile(O. 358-0.542) 
0.84(0.31 2.30) 1.29(0.39 4.29) 1.27(0.36 4.50) 
31d tertile(O. 545-0.877) 
0.53(0.19 1.45) 0.97(0.27 3.51) 0.92(0.23 3.62) 
Yellow soil 
is' tertile(O-0.315) 
2 nd tertile(O. 316-0.522) 
1.05(0.32 3.50) 1.65(0.72 5.80) 1.24(0.45 7.18) 
31d tertile(O. 528-0.868) 
1.55(0.33 7.28 0.80(0.22 2.90) 0.59(0.08 4.15) 
Dry red soil 
I" tertile(O-0) 
2 nd tertile(O-0) 0.75(0.28 2.01) 0.77(0.21 2.78) 0.86(0.23 3.15) 
P tertile(O- 1.2 8) 
3.76(1.10 12.84 2.21(0.75 6.50) 2.66(0.65 9.07) 
Yellow brown soil 
I" tertile(O-0) 
2nd tertile(O-0.218) 0.66(0.26 1.69) 0.71(0.20 2.58) 0.80(0.21 3.05) 
3'd tertile(O. 257-1.186) 
0.62(0.18 2.12 0.74(0.22 2.54) 1.28(0.25 6.67) 
Brown soil 
I" tertile(O-0) 
2 nd tertile(O-0) 1.77(0.66 4.71) 1.38(0.43 4.41) 1.86(0.37 9.39) 
P tertile(O- 1.03 8) 0.53(0.20 1.41 0.36(0.09 1.42) 0.42(0.09 1.97) 
Purple soil 
I' tertile(O-0) 
2 nd tertile(O-0) 0.90(0.35 2.32) 0.27(0.07 1.08) 0.25(0.06 1.04) 
P tertile(O-0.250) 
1.01(0.39 2.62) 0.36(0.11 1.22) 0.42(0.12 1.53) 
'Those villages with the geometric mean P. vivax incidence over 2 per thousand per year in the past ten years 
were classified into the higher risk group, and those equal to or lower than 2 per thousand annually were 
classified into the lower risk village group. 'Angular transformed proportion of soil variables of administrative villages in parentheses 
3 Odds ratio with 95% confidence interval in parentheses in ordinary logistic regressuion 
'Crude odd ratios with 95% confidence interval in parentheses in multilevel logistic regressuion 
sAdjusted Odd ratios for altitude, paddy field, dry crop land, forest with 95% confidence interval in parentheses 
in the multilevel logistic regression. 
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4.5 Discussion 
4.5.1 Overview of the results 
Malaria routine data, landscape and environmental characteristics were analysed in Yuanyang 
County, Yunnan, China. From 1987 to 1996, a total of 13,768 Rvivax and 1,874 P. 
falciparum and 11 mixed infection (Rvivax and P. falciparum) malaria cases were identified 
through routine malaria surveillance and reporting systems in the Yuanyang. The population 
and malaria cases in the towns and city were excluded from analysis to eliminate the possible 
bias of temporary migration that is more frequent from those areas. Malaria data and terrain 
maps, land use and soil maps were integrated into geographical information systems. The 
mean altitude and composition of different land uses and soils of all administrative villages 
were derived from the maps through integration of the maps with the administrative boundary 
map in GIS. 
Logistic regression modelling was used to analyses risk factors of P. vivax and P. falciparum 
incidence in the administrative villages. The result of the analysis indicates that there were 
considerable spatial variations of both P. vivax and P. falciparum malaria in Yuanyang 
County, Yunnan. The spatial distributions of both P. vivax and P. falciparum infections in the 
county were highly associated with their landscape features and environment. The altitude of 
a village was negatively correlated with the level of both P. vivax and A falciparum malaria. 
Paddy rice fields increased both the risk of P. vivax and of P. falciparum malaria. The 
amount of dry crop fields was negatively correlated with the level of P. vivax and P. 
falciparum incidence in the administrative villages. Forest tends to increase the relative risk 
of malaria in a village. The amount of bare rock in the village is also correlated with both P. 
vivax and Rfalciparum malaria risk. 
Multilevel logistic regression modelling was used for further analysis on removing possible 
group effects at township level in Yuanyang. The results of multilevel modelling showed 
more logical conclusions. The risk of P. vivax malaria was negatively correlated with the 
mean altitudes of the administrative villages. Paddy field was increasing the risks of malaria 
in the administrative village. More forest tends to increase the relative risks of A vivax and A 
falciparum infection, but the effect is not statistically significant. Similar trends were found 
in analysis of the P. falciparum malaria determinants. The associations of bush and bare rock 
and dry cropland with malaria were vanishing in multilevel analyses, which suggested that 
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the apparent association of the three variables on the risk of malaria in ordinary logistic 
regression was due to the confounding "group effece' of administrative township. The 
multilevel logistic modelling also reveals the significant group effects (random parts) in the 
models, which could not be explained by the variables in the final logistic regression models 
for both P. vivax and P. falciparum. 
4.5.2 Constraints of data and data analysis 
One of the biggest problems of the analysis of routine data in epidemiological studies is the 
quality of data. The disease variations in the different places could be influenced by use of 
different diagnostic criteria. In the present study, strict diagnostic criteria were in use, i. e. 
only a patient with a febrile episode and malaria parasites detected by microscopic 
examination was considered to be a malaria case. The variation of disease in different places 
could be due to a different proportion of malaria cases reported. More malaria cases reported 
in one place might be due to more staff working in this place and/or more skilful technicians 
reading blood slides, or to the staff working more conscientiously. Multilevel modelling 
analysis was used to ad ust for such variation, but it is not possible to correct for reporting 
variations among different village doctors within townships. 
Here is an example to support this theory. A prospective cohort study was carried out in Feng 
Chun Ling Township, Yuanyang County in 1998. An active and passive malaria surveillance 
was carried out by our research team in a main transmission seasons to give accurate malaria 
incidence data. Detail of this study will be described in Chapter 5 of this thesis. We used the 
malaria incidence rates of 11 administrative villages in Feng Chun Ling from the survey of 
1998 as a "golden standard". The mean malaria incidence rates of the II administrative 
villages through routine surveillance data from 1987-1996 were used to compare them with 
the 44golden standard". Figure 4.18 shows the correlation between malaria incidence rates in 
the II administrative villages based on survey data in 1998 and the mean incidence from 
1987 to 1996. Under the assumption that malaria is stable, underreporting is clearly shown as 
shown in the figures. Routine reporting data can only explain 16.7% (W=O. 167) of total 
variation in the study area. Figure 4.19 shows the correlation between the indigenous malaria 
incidence rate in 1998 and the mean incidence from 1987 to 1996. The linear regression 
model can explain 45.7% of total variation. Therefore, although routine data can roughly 
reflect the malaria risk picture, they still serious biased in the Yuanyang County. 
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Figure 4.18. The correlation of malaria incidence rates based on survey 
data (1998) and routine surveillance data(1987-1996) In the II 
administrative village, Feng Chun Ling, Yuanyan, Yunnan 
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Figure 4.19. The correlation of Indigenous malaria Incidence rates based on 
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Malaria is unstable in most of Southeast Asia, particularly in Yunnan, China. Therefore, 
malaria tends toward outbreaks, annual variation of the disease in different places is obvious 
and it is very unstable in the study area. It is very difficult to assess the effect of spatial 
environmental variables on the risk of malaria in an unstable situation. We collected malaria 
routine data in one county with the population of 340,000 over a 10-year period to make the 
data stable. Geometric mean incidence rates were used in the hope of smoothing the malaria 
data for the analysis in the phase I study. In the multivariate regression analysis, a bi-variate 
outcome, high versus low incidence of P. vivax malaria in administrative villages, and present 
versus absent P. falciparum malaria infection, were used for the analysis to avoid too 
parsimonious a model such as the Poisson regression model as already discussed in 4.4.4 
Routine data lacks geo-referenced accuracy. We tried to overcome this shortcoming by using 
relatively accurately geo-referenced units, administrative villages, as a unit of analysing the 
association between the risk of malaria and landscape and environmental features in the 
administrative village during the data analysis. The interpretation of the results must be 
within an assumption of homogenous spatial distribution of the population within 
administrative villages. It might be too arbitrary to assume the risk of malaria is homogenous 
in the administrative village, which is only ascribed to the landscape and environmental 
determinants within the boundary of the administrative village, particularly for those villages 
located near the boundary of an administrative village. Using a natural village or household 
as the unit of analysis would be more appropriate than using the administrative village as a 
unit for the analysis. The environmental determinants should be measured based on mosquito 
biology (flight range of mosquito) and malaria biology (transmission zone). Since malaria 
data are available through the routine reporting system at the level of administrative village, 
this analysis could help us to give a preliminary understanding of the importance of the 
landscape and environmental determinants of malaria. 
The so-called "ecological fallacy" is one of the biggest problems in analysis of disease 
aetiology, as in present study. All the analyses are based on grouped malaria data and 
landscape and environmental data from the administrative villages instead of at the individual 
level. This fallacy cannot be eliminated in the phase I study. Interpretation of the results from 
an ecological study should be very careful. The results derived from an ecological study 
would not be valid for the smaller unit. In the present study, we cannot automatically assume 
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the results are validated for individual, household, and even natural village levels. They are 
only validated for the administrative village. 
Most confounding variables are not available for correcting the model for the present study. 
One of main confounding variables in this study is migration. To eliminate the migration 
bias, we only used malaria data from local residents and analysed the association of malaria 
incidence rates in local residents with various landscape and environmental variables. Non- 
permanent residents, the populations living in small towns and city were excluded from the 
analysis. Inter-village migration would be another problem in the analysis, that people who 
live at the top of mountain areas may have come down to the bottom of the mountain to plant 
tropical crops and fruits etc, but remain registered in their original residential areas. This 
misclassification of the origin of malaria infection would dilute the association of malaria 
incidence with altitude as discussed in section 4.4.5. 
The last technical problem of the present phase I study is that the land-use map is out of date. 
The land use and land cover map was generated 1986, based on the survey from 1983 to 
1985. In reality, the land-use pattern has changed greatly, particularly in lower altitude areas. 
A lot of land has been used for tropical fruits and crops etc. The land use type "paddy" does 
not change too much. More dry crop lands were generated in Yuanyang due to over 
population in the middle and top altitude areas in Yuanyang. Deforestation has occurred in 
the lower altitude area, and reforestation has occurred in the middle and high altitude areas in 
recent years. Consequently, it would affect the results of the modelling in the present study. 
We will use satellite images to update the land use map in further analysis for the main field 
study. 
4.5.3 Data analysis 
The number of the malaria cases and population sizes in each administrative village were 
collected in the phase I study. Ideally, continuous variables should be used to model the 
association between risk of malaria and environmental variables such as the multivariate 
linear regression model or the Poisson regression model, as they would be better able to 
capture more variation within data. However, more accurate models such as the Poisson 
regression model and multivariate linear regression model would give equal weight to each 
individual malaria case. Consequently, the model would be biased to the more accurately 
reporting villages and less weighting would be given to less complete malaria reporting 
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villages. Furthermore, malaria is very unstable in Yuanyang County with outbreaks from time 
to time. Therefore the accurate models would be biased to high reporting villages and the 
villages that had had experienced outbreaks. To avoid this, logistic regression models were 
used in the present study. The villages were crudely stratified into two strata for P. vivax and 
two strata for P. falciparum. The stratification was based on the arguments that any village 
with malaria tends to report malaria although there is some variation in reporting. The crude 
stratification and modelling will ignore variation of malaria risk within strata, but it would 
give more valid results. 
In summary, the phase I study indicated that malaria spatial distribution was highly varied in 
Yuanyang County. The spatial distribution of malaria in the county was highly correlated 
with 'altitude' and land use patterns such as "paddy" and "forest". There were a number of 
biases in this analysis, such as the quality of data, variations of malaria reporting in different 
areas, lack of information on potential variables for correcting the model, outdated land use 
map etc, and the study was pushing the limits of its "gold standard", the routinely recorded 
malaria cases. Therefore, a more sensitive and rigorous model needs a more intensive field 
study, and this will be dealt with in phase II (Chapter 5). 
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Chapter 5 
Phase 11 main field study 
5.1 Objectives 
" To develop a predictive model of malaria spatial distribution in the study area based on: 
" Creation of a geo-referenced data set of landscape, environmental factors and socio- 
economic variables related to malaria spatial distribution in the study area 
" Quantification of malaria distribution related to landscape and environmental factors and 
socio-economic and human behaviour variables in the study area. 
5.2 Speeffic hypotheses 
Based on the findings of the phase I study, the following specific hypotheses were studied in 
the phase II, main field study 
" People living at the lower altitude areas have a higher risk of malaria than those in 
higher altitude areas 
" People living in areas with morepaddy riceftelds around their households have a 
higher risk of infection with malaria. 
" People living in areas with more dry crops have a lower risk of malaria than those with 
less dry crop land. 
" People living near to or inforest areas tend to have a higher risk of P. vivax and P. 
falciparum infection; (the process of land resource development might increase the 
risk of malaria). 
5.3 Methodology 
5.3.1 Study Design 
The phase II study is a prospective follow-up study carried out in the field. Here I collected 
primary data rather than relying on routine data. A selected cohort was followed-up during 
the main malaria transmission season from May 1998 to December 1998. Malariometric 
variables, including malaria morbidity data, were collected during the follow up period. 
Meanwhile, socio-economic and behaviour data of the study population we're also collected, 
a nd various landscape and environmental variables were derived from topographical maps 
and satellite imagery. The association between malariometric variables and different 
categories of landscape and environment were assessed to develop a predictive model. 
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5.3.2 Study area and population 
The study area is located within Feng Chun Ling Township (Figure 5.1), in the Southeast of 
Yuanyang County, the Red River basin, Yunnan, China. The area was selected for the 
present study because 
9 The area is located within the county where the phase I study had been carried out, so that 
some data could be shared by both phase I study and phase II main field study 
41 The area is along the Red River with significant variations in altitude and is representative 
of much of the Red River basin area 
9 The area contains the mixtures of land use types representative of much of the Red River 
basin area. 
9 The area is co-endernic for P. falciparum and P. vivax and has a relatively high level of 
malaria incidence as determined in phase I (Figures 4.7 and 4.8). 
e The area has a reasonably good and co-operative primary health care infrastructure and a 
better than average amount of health facilities. 
The total population in the study area was around 32,000 based on the 1990 census. There are 
104 villages in the area, which formed 13 administrative villages with an area of 18 x 18 km2. 
Two administrative villages with 18 natural villages were excluded from the study due to the 
lack of co-operation by the village doctors, hence reliable data would not be available. 
Around 25,000 people within 86 villages in 11 administrative villages were included in the 
study. There are mixed land use types in the township (Figure 4.13), and a range of altitudes 
is significant within the study area (Figure 4.11). There is almost no flat land in the area. The 
vertical variation of climate is obvious, with a temperate zone above the altitude of 1,600 
metres, the sub-tropical zone from 1,000 to 1,600, and the torrid zone below the altitude of 
1,000 metres. 
There are five ethnic minority groups and the Han Chinese group in the study area. The 
majority of the population farms mainly rice and dry crops. The people in the lowlands under 
the altitude of 800-900 metres also plant banana and other tropical fruits. The people in the 
high mountainous areas usually undertake agricultural work in the lowlands. Some of them 
work for mineral industries. Both lowland agriculture and mineral industries are located in 
the lower altitude areas with high malaria endemicity. 
122 
Mz c< 
cz 
z 
I 
0) 
0 
m 
-C c 
0 
D CD 0) m 
(D D LL 
LL CL 0 
0x 
0 
x 
0 
z 
< 
CL zE 
m< 
0 
a) 
CY) Ln 
CD 
LC' 
LO 
(D 
L- 
:3 
CD 
E 
P. vivax and P. falciparum are co-endemic in the area. An. minimus and An. sinensis are the 
main malaria vectors. The clear and slow flowing terrace paddy fields provide the ideal 
breeding sites for An. minimus in the study area as in much of the Red River basin areas 
(Dong, 1993). Feng Chun Ling has been one of the most malarious areas in Yuanyang 
County since the middle of the 1980s (Figure 4.7 and Figure 4.8). The number of reported P. 
vivax and P. falciparum cases in each administrative village from 1987 to 1996 in the Feng 
Chun Ling township have ranked them among the most malarious villages in Yuanyang 
County. The geometric mean incidence rates of P. vivax and P. falciparum were 6.5 and 0.8 
per thousand persons per year respectively in the township for the 10-year period, which is 
significantly higher than county-wide mean incidence rates. However, considerable under 
reporting of malaria cases is believed to have occurred in the area in recent years (Advisory 
Committee on Malaria, MoPH, 1994); it was not clear what is the exact level of malaria risk 
in the area. There is a township hospital located in the town of Feng Chun Ling. The disease 
control group within the hospital is responsible for malaria control and the malaria 
surveillance programme in the township. Each administrative village has its own village 
clinic, and some have more than one, mostly owned by the village doctors. Usually two 
village doctors work in a village clinic. In theory, the village doctors are responsible for 
treating clinical malaria cases in their villages, taking blood slides from febrile patients, and 
reporting the malaria cases to the township hospital. Their work sometimes overlaps among 
the villages. 
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5.3.3 Field operation and training 
5.3.3.1 Field office 
The phase II main field study was carried out in the main malaria transmission season during 
the rainy season from 10th May 1998 to I Oth December 1998. A field office was set up for 
supervision of the implementation of the study headed by the author (principal investigator) 
in the Feng Chun Ling Township Hospital. He was assisted by afield co-ordinator, who had 
had much experience in the management and technical aspects of a malaria project, and was 
recruited from Honghe (Red River) Prefecture Epidemic Prevention Station where he was 
also the head of the malaria control programme in the Prefecture. The office housed the 
laboratory for microscopic examination of blood smears, data management unit for the 
project, the whole database of fieldwork headed by a data manager and the computer unit for 
data entry. The office had sole and primary responsibility for the proper conduct of the study 
and held staff meetings weekly. The meetings were held to discuss progress and resolve any 
problems regarding fieldwork, surveillance reporting and quality of field workers' work. 
5.3.3.2 Recruitment and training 
Field Supervisors: Two field supervisors were recruited for the supervision of the 
fieldworkers to ensure they worked according to the research protocol of this study. Both of 
them were qualified medical doctors who had been responsible for malaria and other 
infectious disease control in Feng Chun Ling Township Hospital. The field supervisors were 
trained by the principal investigator (PI) with emphasis on how to conduct themselves, their 
job responsibilities and standardisation of fieldwork. Field supervisors participated in the 
weekly meeting held in the field office. 
Field workers: All the field workers were recruited from local village doctors in the Feng 
Chun Ling Township. Most of the village doctors are responsible for malaria control and 
routine malaria surveillance and reporting, including taking blood slides from patients with a 
febrile episode during the main transmission season. An administrative village usually was 
provided with one or two field workers during the study period, depending on the size of the 
population and area covered by the administrative village. A total of 19 field workers were 
recruited. They received one week's intensive training to standardise the procedures of data 
collection and to make them aware of the regulation of fieldwork prior to starting. They were 
trained on (i) rules and regulations of field work, (ii) malaria and its diagnosis, and 
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standardisation of the treatment of P. vivax and P. falciparum, (iii) how to obtain informed 
consent in the household, to carry out the census and to fill in questionnaires and forms 
properly, (iv) how to carry out weekly malaria surveillance and how to take blood slides, dry 
them, store and dispatch them, and how to behave themselves in the households and villages 
during their weekly surveillance. In addition, all doctors who were not recruited as field 
workers but practised medicine in the study area received two days training on how to make 
slides, to give standardised malaria treatment, and to fill in forms in case some febrile 
patients reported to their clinics. A bonus was paid to the doctors who sent slides to the field 
laboratory in the field office. 
Laboratory technicians: Two technicians were recruited for the present study. One of them 
was from Yunnan Institute of Malaria Control (YIMC) and the other was from Yuanyang 
County Disease Control & Prevention Station. Both of them had more than twenty years' 
experience of reading blood slides and had well-known expertise in Yunnan. They were also 
provided training with emphasis on the way records and forms were to be filled. Their jobs 
were also checked by the PI and field co-ordinator. 
Data manager and his assistants: A data manager was recruited for the management of all 
data in the study. All the questionnaires and forms from the study were sent to the data 
manager for checking completeness and accuracy. The data manager and his two assistants 
were responsible for coding all the questionnaires and forms of the study and they then sent 
them to the computer unit for data entry. The data manager and his two assistants were also 
trained by the PI on their responsibilities and how to code data and conduct their work. Their 
work was checked regularly by the field co-ordinator and PI. 
Data entry clerks: A computer unit with two computers was set up by the PI and two data 
entry clerks were recruited for data entry. The two data entry clerks were computer illiterate 
before they were recruited. They were trained by the PI on how to use computers, and how to 
use EPl/INFO for the data entry. However data entry screens and check files were all 
generated by the Pl. The data entry clerks were responsible for primary data checking but 
final cleaning of the data was carried out by the PI himself. 
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5.3.4 Census 
A staggered household census was carried out in the II administrative villages in Feng Chun 
Ling Township at the beginning of May 1998. The aims of the census were to enumerate the 
population in the study cohort, and to record the baseline characteristics of each individual to 
be used to explain the malaria variation in the study area. At the stage of quantifying malaria 
environmental determinants, they could be used as the confounding variables to correct the 
model. The definition of a village is one sharing the same village leader; their inhabitants 
usually reside near together, spatially. A household was defined as one sharing the same 
kitchen. All members of the same household usually live in the same house structure. A 
household might have more than one house, but the houses usually are close together 
spatially. Only permanent residents who stay in the study area were included in the census. 
Those people working outside of their villages during the whole of the study period were be 
excluded from the study although they were "permanent" residents of the study village. 
The first stage of the census was to obtain informed consent from local communities 
(villages), the heads of villages and then the heads of households and all individuals during 
the census. A specific meeting had been held for all leaders of villages in the township to 
obtain informed consent from them prior to the census. Informed consents were then obtained 
from the heads of all households and all individuals by field workers during the census. All 
individuals involved in the study understood fully the nature of the study, the reasons it was 
being undertaken, and possible benefit to them and their community as well as any possible 
harm they might suffer. Only those giving consent were recruited into the study cohort. 
The face to face interview was used extensively in the census. Each individual was 
interviewed in detail by using standard questionnaires on demographic and socio-economic 
data. For children, mothers were used as respondents. On occasions, when the mother of 
children in the study was absent, the nearest care-taker or guardian of the child was used as a 
primary data source. The questionnaires included name, age, sex, ethnic group, education, use 
of mosquito nets and the names of the head of household and names of village. The quality 
of data collection was checked or double-checked randomly by field supervisors and/or the 
field co-ordinator and PI daily. If the questionnaire was not appropriately filled or had any 
omission or inconsistencies, the responsible investigator would be asked to correct it; if 
necessary, he or she would re-interview the subject. 
127 
5.3.5 Household geographical co-ordinates and their micro-environment 
The geographical co-ordinates of all households and temporary huts were identified by use of 
a hand-held Global Positioning System (GPS) receiver (GPSIII, Garmin International) in the 
study area. Two single hand GPS receivers were used for this study. When a geographical 
location of a household was going to be detected, a GPS receiver was set up in the front of 
the target household or temporary hut. In most cases, the GPS unit was placed 5 metres in 
front of households. Five-minute-mean co-ordinate was recorded for each household with the 
aim of getting more accurate and stable position data. The co-ordinate system was recorded 
as latitude and longitude with decimal degrees and the map datum of the co-ordinate system 
was World Geodetic System 1984 (WGS 84), a common global reference system. Micro- 
environmental data of all households and temporary huts were also collected at the same 
time. The recording form included the name of village, name of head of household, latitude 
and longitude read from GPS of the household and the type of household. The data were re- 
checked to ensure the completeness of all sections and then coded by the data manager and 
his two-assistants, and submitted for data entry in computer unit. 
5.3.6 Malaria surveillance 
Malaria morbidity data during the study period were obtained through active and passive case 
detection systems. Thick and thin blood films were obtained from anyone with a history of a 
febrile episode (temperature >-37.5* C) to check for malaria parasites during the study period. 
The recruited field workers carried out active malaria surveillance. A field worker was 
assigned a certain number of villages and households to carry out census and surveillance for 
all individuals in his/her target villages and households. They visited all their target 
households' residents weekly to collect blood films from anyone with current fever or history 
of fever in the last 7 days. Besides, they also recorded the number of days each person in the 
study cohort had been absent from the village during the previous week. The household to 
household survey was carried out by the same field worker until the end of the study. The 
village doctors and physicians in the township hospital formed the passive malaria detection 
system in the study area. Patients with febrile episodes presenting at village clinics, township 
hospitals and the field laboratory would have their blood slides taken to check for parasites. 
Two blood slides were taken from any febrile patient and one of them would be 
microscopically examined in the field laboratory, and the field co-ordinator or the principal 
investigator examined the other one. In addition to taking blood slides, the following data 
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were collected: name, age, sex, detailed address of residence (names of village and head of 
household), methods of data collection (active or passive), any history of migration prior to 
present febrile episode during the past month etc. Symptomatic cases with P. falciparum 
positive blood films would be treated with artesunate, 600mg over 5 days, a new derivative of 
Qinqhaosu active against the erythrocytic stage of P. falciparum parasites (Klayman, 1985; 
Barradell & Fitton, 1995). Those with P. vivax positive blood films were treated with 
chloroquine 1.5g over 3 days and primaquine, 180 mg over 8 days, and the same dosages 
would be used for anti-relapse treatment for all P. vivax infection cases one month after. All 
the treatments were properly supervised to ensure compliance by patients. The field 
supervisors, field co-ordinator and PI would check field staff work through randomly visiting 
villages at different times of the study period to ensure that all staff had followed the 
procedures for data collection and sent antimalarials for anti-relapse treatment for malaria 
cases with P. vivax infection. 
5.3.7. Map collection 
Landscape and environmental data were obtained from various relevant authorities (some 
maps shared with the phase I study) during the study. 
Administrative boundary map: The scale of the administrative boundary map is 1: 100,000. 
The map has the detailed names and relative geographical location of all villages and the 
boundary of villages, described in section 4.2.3.2. 
Topographical and terrain maps: The scales of maps are 1: 50,000. The maps, based on the 
air photogrammetry survey in 1969 and produced by the Chinese Military Authority in 1978, 
were bought from Yunnan Provincial Bureau of Land Survey and Cartography. Two separate 
map sheets form the topographic and terrain map in the study area. The geographical co- 
ordinate system of the maps is Beijing 1954 Geographical Co-ordinate System with a latitude 
and longitude grid. The altitude contour system of the topographical maps is based on the 
Huanhai Altitude System. The contour interval of altitude of the maps is 10 metres. 
Land use map. A land use map (1: 150,000) of Yuanyang county was used to help to classify 
the satellite image, described in section 4.2.3.2. 
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5.3.8 Laboratory Methods 
All blood slides were stained with Giemsa's stain; thin films were used to confirm species 
identification. All slides were coded, so that the technicians who examined the slides would 
be unaware of where the slides came ftom. The slides were examined under oil immersion for 
parasites (magnifying x1000 times) and 200 fields were read. The quality of blood slide 
examination was double-checked by the field co-ordinator and PI. All positive slides and 
around 10% of the negative blood slides chosen at random were re-examined by the field co- 
ordinator and PI during the study. 
5.4 Data management and analysis 
5.4.1 Criteria of diagnosis of malaria 
Criteria for confirmed malaria diagnosis were patients with a history offever or having an 
axillary temperature >- 37.51C and malaria parasites positive on microscopic examination 
of thin andlor thick blood slides. 
5.4.2 Data management 
All census data and questionnaires were entered into EPI-INFO sof1ware during fieldwork. 
Before the data were entered into the computer, all data were first checked manually by the 
field supervisors, then the data manager and his two assistants, and then the field co-ordinator 
and PI. If the questionnaires and census data were wrongly filled in, the responsible field staff 
would be asked to verify and correct, and if possible, re-investigate as necessary. All 
individuals, households and villages were assigned a unique identification number. The data 
manager and his two assistants were responsible for coding all data. Data input fields had 
range checks and legal values to limit errors, and the data were double entered into two 
computers separately by two data entry clerks in the computer unit; any inconsistencies were 
detected and corrected. Data entry and cleaning were ongoing along with data collection in 
order to facilitate quality control and monitor the performance of field workers. Databases 
from the EPI-INFO were then converted into DBASE and incorporated into the Database 
Management System (DBMS) in the GIS software package ArcView or incorporated into the 
DBMS in ARCANFO to link their co-ordinates with a common code. 
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The geographical co-ordinates of individual households were exported as a DBASE file and 
the Shapefile of a spatial coverage for all household created in Arc; View. This Shapefile was 
then transferred to an ARC/INFO file for further spatial analysis. Multiple episodes from the 
same individual were considered to be separate cases in the database, provided they were 
distinct from each other. The criteria for the identification of distinct episodes were the same 
as in the pilot study described above (section 4.3.2). Mixed infections were counted both as a 
P. vivax and a P. falciparum infection. 
5.4.3 Map digitising and cleaning 
The 50 metre interval contours of topographical maps of the study area (1: 50,000) were 
traced onto digitising sheets and digitised with the software package Cartalinx, with a Summa 
graphics digitising table. All digitised sheets were registered to a master tic file, with a 
minimum of eight-tic positions for each sheet. The geographical co-ordinate system of the 
original topographical and terrain maps is Beijing 1954 Geographical Co-ordinate System. In 
order to have a consistent geographical co-ordinate system of the whole GIS data base in the 
study, the geographical co-ordinates of tic points of the Beijing 1954 co-ordinate systems of 
the terrain map were transformed to a latitude and longitude co-ordinate with map datum of 
WGS84 with the assistance of Dr Liu Bao from PLA Land Survey and Cartography College 
in Zheng Zhou, China. The decimal degrees of tic positions were input into the digitised 
maps with the co-ordinate system of the Latitude/Longitude. The accuracy of the digitising 
was assessed using the RMS. The RMS errors of 0.002 are acceptable when new data is 
digitised into existing coverage. If this RMS value was exceeded the tics were re-digitised. 
Digitised maps were imported into ARCANFO for cleaning and editing. The attribute of each 
contour (altitude of the contour) was added into the coverage in ARC and coded numerically 
in ARCPLOT manually. After editing and cleaning or building individual coverage topology 
respectively in ARC and ARCEDIT, all coverages were then transformed to a UTM co- 
ordinate system in ARC/INFO. 
The two separate terrain coverages were merged into a single terrain coverage of the study 
area in ARCEDIT to form the topographical features of the whole Feng Chun Ling 
Township. The terrain maps were cleaned as lines, and the TOPOGRID routine in ARC was 
used to transform the vector contour coverage of topographical maps into a continuous grid 
with cell size of 20 metres (which exactly matched the cell size of the SPOT image, see 
below). The mean altitude of each household was calculated per 5x 5-pixel window within 
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the GRID environment of ARC/INFO with the consideration of maximum position 
uncertainty of 30-100 metres of the single hand held GPS receiver, and then cross tabulating 
the new 5x 5-pixel mean altitude grid with the Shapefile of geographical co-ordinates of all 
households in ArcView 3.0. The mean altitudes of the 5,007 households were read out from a 
cross-tabulation in ArcView, and then the mean altitudes of all households were entered into 
an Excel spread-sheet for further statistical analysis. 
5.4.4 Satellite image classification 
A satellite image was obtained from SPOT 4 (Satellite Pour I' Oberservation de la Terre, 
Mission 4). The imagery was taken on 12th April 1999. The reason for choosing an image 
which was taken in later spring is because at this time different types of land use are much 
easier to distinguish in terms of their spectral differentiation in different bands of satellite 
image in the study area. Toward the end of spring, most of the paddy rice fields are full of 
water in the highlands or at the early stage of rice plantation in the lowlands; forests are 
green, and dry crop fields were bare or seeds had just been planted. 
Satellite image classification is the process of sorting pixels (picture elements or cells) into a 
defined number of individual classes or categories, based on their data file values. If a pixel 
satisfies a certain set of criteria, then the pixel is assigned to the class that corresponds to the 
criteria. There are two ways to classify pixels into different categories: supervised and 
unsupervised classification. Supervised classification is the process where we select pixels 
that represent patterns of land use or land cover that can be recognised or identified. Then we 
"train" the computer system to identify pixels with similar characteristics (i. e. a set of 
signatures arc derived from "training samples"). Thereafter, all pixels in the image will be 
sorted out into classes based on the signatures. The supervised classification is useful when 
we want to identify relatively few classes with distinct, homogeneous regions that represent 
each class (Lillsand & Kiefer, 1994; Mather, 1999). Unsupervised classification is a process 
in which the computer identifies statistical pattems inherent in the image, clusters all pixels 
that are statistically similar, and attaches them to individual classes. This approach is 
particularly useful in cases where there is little or no available observational or documentary 
evidence on the nature of the land cover types covered by the remote sensing image and 
where the analyst's proposed spectral classes are "mixed"(Mather, 1999). 
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An unsupervised classification algorithm was used to classify the SPOT 4 image in the 
present study, as the same class of land use and land cover might have mixed spectral classes 
at different altitudes and different stages of paddy and crop plantation. More than that, 
complicated topographical features might cause areas of the same land use to show 
completely different spectral features. It would be impossible to "train" a single or even a 
series of homogenous area(s) to represent single land use and land cover type in the study 
area. Unsupervised classification allows us to have more clusters than that of supervised 
classification, and therefore, to capture more spectral and spatial variation of land use and 
land cover in the study area. 
Satellite image classification is much more complex in mountainous areas such as the present 
study area. The interaction of the angle and azimuth of the sun's ray with slope and aspect 
produces a topographic effect resulting in variable illumination. This impedes our ability to 
make use of images in mountainous areas. More accurately, the topographic effect can be 
defined as the difference in radiance value from an inclined surface compared to horizontal 
ones (Schneider & Robbin, 1998; Mather, 1999), the most serious being the shadowing 
effect. Band ratioing is one of most common ways to correct for the topographic effects 
(Mather, 1999), based on the principle that a certain component of reflectance in all bands is 
a result of the angular effect. By dividing one band by another, the uniform angular 
component is divided, leaving the variation that represents the difference in earth materials 
(Schneider & Robbin, 1998). We used near infrared (Band 3) and red (Band 2) bands of 
SPOT 4 image to created a new band of normalised difference vegetation index (NDVI) in 
the hope of eliminating the topographical effect, particularly the shadow effect. The 
calculation of NDVI is based on the formula NDVI= (Band 3- Band 2)/(Band 3+ Band 2) 
(Lillsand & Killer, 1994). The index of NDVI reflects the relative amount of vegetation in 
pixels, thereafter, new NDVI band not only helps to correct the topographical effect but also 
helps differentiate land use types. Therefore, in the present classification, the NDVI band was 
stacked with Band 1, Band 2 and Band 3 together in'the Stack Module of ERDAS Imagine 
8.3.1 (ERDAS, Atlanta, Georgia, USA) for further processing. 
The SPOT image was a sub-set, which only covers the study area in Feng Chun Ling 
Township. In order to improve the spectral separability of land use types and obtain more 
accurate classification of the imagery, the sub-image was stratified into two strata, the 
highland and lowland based on a roughly 900-metre contour. The dominant land use types 
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are forest and paddy in the highlands, and paddy, banana and other tropical plantation and 
bare land in the lowlands. The lowland stratum of the sub-image was further divided into two 
zones that used the Red River as a demarcation line for the two zones. 
The three zones (one zone in the highlands and two lowland zones) were classified separately 
by satellite image process software ERDAS Imagine. The highland image was clustered into 
45 clusters based on Bandl, Band2, Band3 and NDVI using an ISODATA algorithm 
(Lillsand & Kiefer, 1994; Mather, 1999). Clusters were assigned into four classes of land use 
types, i. e. "forest", "paddy", "dry crop field", and "others" ("others" including, banana 
plantation and other tropical fruits, bare land etc. ). The ways of assigning the land use and 
land cover were based on the reflectance of four bands of the images and old land use and 
land cover maps, interactively, spatially and spectrally. The two lowland images were 
clustered into 30 clusters. A similar methodology was employed to classify the two zones of 
the image in the lowlands into land use maps as those in the highlands. Then, the three zones 
of the two strata were merged to form a single land use map for the study area through spatial 
modelling in MODELER Module in ERDAS. 
5.4.5 Geometric correction and resampling of satellite Image 
Satellite image data gathered by satellite sensors are the representation of the irregular 
surface of the earth. The image data themselves have no co-ordinate systems. Nevertheless, 
the images are distorted due to the curvature of the earth, relative movement of the satellite 
and the earth, and sensors being used. In order to be compared with other images or 
integrated with other GIS databases, the image must be changed to fit a map projection 
system or a reference system. Before rectifying the image data, we must determine the 
appropriate co-ordinate system for the database. In the present study, the Universal 
Transverse Mercator (UTM) co-ordinate system was used to make it compatible with other 
GIS database geographical projection systems in the study. 
To rectify the satellite image, a set of ground control points (GCPs) has to be chosen. A GCP 
is a specific pixel in an image for which the output map co-ordinates are known. 18 GCPs, 
which could be identified in both the satellite image and on the ground, were used to rectify 
the present image. GCPs were taken in such a way as to make them evenly distributed in the 
study area. The GCPs include the intersection of two roads and two rivers, the intersection of 
a river and road, bridges and buildings. The co-ordinates of GCPs on the ground were either 
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read from the topographical map or recorded using a GPS (10 minute-mean co-ordinate). The 
co-ordinates of the image data and the co-ordinates of GCPs obtained by GPS or reading 
from the topographical map were entered in the ERDAS Imagine through the keyboard. A 
second order polynomial equation was used to model the co-ordinates of images and GCP co- 
ordinates due to mountainous topographical features in the study area. The modelling results 
show that the random error (RMS) is 0.834. The RMS was less then one pixel (error of 16.7 
metres), and was deemed acceptable in the present study. The detailed co-ordinates of GCPs 
and their correspondent co-ordinates in the image can be see in Appendix Il. 
The three methods most commonly used for image resampling are nearest neighbour, bilinear 
interpolation and cubic convolution. The nearest neighbour method, which simply takes the 
value of the pixel in the input values that are closest to the computed co-ordinates was used in 
this case. The method is fast and ensures that pixel values in the output image are "real" in 
that they are copied directly. Other methods, which change the pixel value, may create 
problem of integration, particularly in the case of thematic maps (Mather, 1999). Therefore, 
the nearest neighbour method was used in the present study. 
5.4.6 Verification and accuracy of satellite image classification 
The assessment of satellite image classification accuracy is a process of quantifying the errors 
due to incorrect labelling of pixels (Mather, 1999). Ideally, the assessment of satellite image 
classification should be on a pixel by pixel basis, i. e. the pixels of different classified 
elements are chosen randomly. Then, the sampled pixels are compared with those of the 
ground truth. But it would be very difficult to know exactly where the pixels are on the 
ground due to imperfect geometric correction and difficulty to access the pixel. In the present 
study, the RMS of the geometric correction was 0.834 pixels. We might think the GPS would 
help to identify the pixel location, but it would be very labour intensive even disregarding the 
maximum 30 to 100 metre error of the single hand GPS unit. Therefore, in the present study, 
we selected relatively large homogeneous land use types. The single hand GPS unit was used 
to identify the geographical co-ordinates in four or more comers of the land use training 
areas. The position of each comer was no less than 50 metres to the edge of testing area 
(ground truth). Ten-minute-mean co-ordinate for each point was recorded with latitude and 
longitude co-ordinates with map datum of WGS 84. Around 10 places for each category of 
land uses and land covers were surveyed. The larger the area in each category, the better the 
ground truth point. Due to the complicated terrain feature in the study area, the ground truth 
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survey was chosen evenly for each land use type in the whole study area. The co-ordinates of 
ground truth of different land use types were imported into DBASE separately, and from 
there transferred into a Shapefile in ArcView. The Shapefiles were then transferred into 
ARC/INFO files. The points of co-ordinates were manually entered by mouse digitising to 
form polygons, which were then coded as correspondent land use types and rastered into a 
grid with a cell size of 20 metres, which made them exactly match the cell size of the SPOT 
image. The raster ground truth grids were overlain with geometrically corrected satellite 
images to help assess the accuracy of the satellite imagery classification in ERDAS. 
The overall classification performance, as well as that of individual land use type, was 
evaluated. The overall classification accuracy was calculated by dividing the total number of 
correctly classified pixels by the total number of pixels of ground truth's of all the test sites. 
The individual classification performance was assessed by dividing the total number of 
correctly classified pixels of the specific land use type by the total number of pixels of ground 
truth of the specific land use type of the test sites. 
5.4.7 Satellite image integration with other GIS database 
After satisfying the accuracy of satellite image classification, the classified image was then 
added as a layer of GIS to form an updated land use map. The classified image was then 
transferred into a grid in the ARC/INFO. In order to obtain a household's environment, the 
proportion of each type of land use within a 1,000 metre buffer around the household was 
chosen to quantify the land use variables. The choice of a 1,000 metre buffer around a 
household is due to the consideration of the approximately 1,000 metre mean flight range of 
the major malaria vectors An. minimus and An. sinensis in the Red River basin area (Dong, 
1993). In order to obtain each household's environment, separate grids for different land use 
types were created in the GRID. The FOCALSUM command in GRID was used to create a 
value for each cell, which represent the number of cells of a land use within 1000 metre 
buffer by using a 100 x 100 window (each cell in 20x2Om), and the new grid coverage was 
then transferred into vector coverages in ARCANFO. Household location coverage was 
overlaid with the land use vector coverage using the "INTERSECT" command in ARC, so 
that each individual household's micro-environmental data around the household within the 
distance of 1,000-metre buffer were generated. The INFO data were then exported to D13ASE 
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for further statistical analysis. The buffer proportions of all household were then normalised 
distribution by using angular transformation (arcsin Vp). 
5.4.8 Strategy of statistical analysis 
The analysis of the phase II study used the integration power of GIS to generate landscape 
and environmental data for analysis. All malaria data, thematic maps, and satellite image data 
were integrated in the ARC/INFO environment with common co-ordinates. Overlay and 
buffering were used to link the environmental, ecological, and other demographic and socio- 
economic variables with both the incidences of P. vivax and P. falciparum malaria. GIS 
generated databases were input into statistical software for the statistical analysis. Tabulation 
of the risk of malaria with the different categories of socio-economic and behaviour variables 
and landscape and land use variables were used to see the general trend of the association of 
the risk of malaria and their determinants. Multivariate Poisson regression analysis was used 
to estimate the effect of the socio-economics, human behaviour, landscape and environment 
on malaria after controlling for other potential confounding variables. Multilevel modelling 
was used to correct for spatial autocoffelation of living in the same households and same 
villages to obtain better estimates. The regression and statistical analyses were carried out in 
STATA, MLwiN and S-Plus. 
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5.5Results 
5.5.1 Basic characteristics of population. 
In the 85 villages, a census revealed a total population of 24,280 living in 5,007 
households in the study cohort. 732 people refused to participate in the study, mostly 
women, or men too old to response. The overall proportion of participants was 96.9%. 
The population of the villages in the study cohort ranged from 38 to 1,339 persons. 
On average, the village size was 285.7 persons. The family size in the study area also 
varied greatly, ranging from 1 to 11. On average a household consisted of 4.9 persons. 
Those people who migrated into the study area after our census were not included in 
the study cohort. Children bom during the study were also not included in the study 
cohort. 
The basic characteristics of the population were surveyed during the census with the 
primary intention of enumerating the study population and identifying the socio- 
economic factors which might influence the transmission of malaria and its control 
and adjusting for any confounding effects on the landscape and environmental 
variables. The population age distribution in the study cohort is similar to that of the 
county-wide average during the 1990 population census (Table 5.1). The young 
population formed the majority in the study cohort. 60.41% were under 30 years old. 
11.2 1% of the study population were pre-school children under 7 years old. One f ifth 
of population was over 45 years old. This is the typical age structure in the less 
developed areas of China as well as other developing countries in the world. The age 
structure of the study cohort suggests that average life expectancy of the population in 
the study cohort was short. 
There were more males than females (53.62% vs. 46.38%) in the study cohort. The 
overall male : female ratio is 1.16. The ratios, however, were different between age 
groups (Table 5.1). More boys than girls were in the young age group in the study 
cohort. But the number of population over 45 year old was roughly the same between 
the males and females. The sex ratio difference among the young age group might be 
due to family planning. On the other hand, the relatively fewer females in the middle 
age group might be due to a small proportion of women refusing to participate, among 
ethnic minority group women, and some young females tend to find a job in the towns 
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and cities. They were not available for the study. In contrast, males in the high and 
middle mountain villages mostly got temporary jobs in local lower altitude areas, and 
were still available during the census. Therefore, fewer women than men in the young 
adult and middle age adult groups took part in the study. 
Table 5.1. The age and sex distribution in the study cohort, Feng Chun Ling 
Age groups Male(%) Female(%) Total(%) Sex ratio 
1- 6 1,566(12.03) 1,157(10.28) 2,723( 11.21) 1.35 
7-14 2,327(17.87) 1,987(17.65) 4,314(17.77) 1.17 
15-30 4,141(31.80) 3,489 (30.99) 7,630(31.43) 1.19 
31-44 2,627(20.18) 2,254 (20.02) 4,881(20.10) 1.16 
>=45 2,359(18.12) 2,373 (21.07) 4,732(19.49) 0.99 
All age groups 13,020(53.62) 11,260 (46.38) 24,280(100.00) 1.16 
There are five ethnic groups in addition to the Han Chinese group in the study cohort, 
namely, Hani, Yi, Dai, Miao and Zhuang ethnic groups. The majority of the study 
population belongs to the Han Chinese (44.65%), Hani (39.48%) and Yi (10.62%) 
ethnic groups. The three other small groups, Dai (2.68%), Miao(2%) and 
Zhuang(O. 57%), accounted for less than 6% of the total study cohort. The relative 
composition of the population of the ethnic groups in the study cohort was different 
from that of Yuanyang County as a whole as described in the phase I study. The 
majority of the population in the county as a whole was Hani (52.6%) and Yi (23.7%), 
and the Han Chinese only accounted for 12.4%, based on the data of the 1990 census. 
Apart from the Han Chinese group, all the minority ethnic groups tended to live 
together, spatially in the study area. It is very common that the entire population of a 
village belong to the same ethnic minority group in Feng Chun Ling. The spatial 
distribution of villages that were occupied by different ethnic groups, is quite obvious 
(Table 5.2). Hani and the Han Chinese are distributed in the whole range of altitude 
areas, but the majority of them reside in the middle and high altitude areas. Yi mostly 
live in the middle of the mountains. Dai, and Zhuang groups usually live in the lower 
altitude areas. The majority of Miao groups live in the lower altitude area although 
some of them live in the middle and high altitude areas. 
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More than half of the study population were illiterate (57.84%), without any formal 
schooling. Considerably more women than men were illiterate (73.01% vs. 44.65%) 
in the study cohort, which reflects the attitude of ethnic minority groups on their 
children' education. They pay more attention to their boys' education than their girls' 
education. Most of the illiterates were over 30 years old. Only around 6% of the 
population enjoyed more than secondary school education. 36.2% of the population 
had less than 5 years education at the elementary school level. 
Table 5.2. The ethnic groups and Han Chinese and their altitude distribution in the 
study cohort, Feng Chun Ling 
Altitude Han Hani Yi Dai Miao Zhuang Total 
<=800 126(1.16) 771(8.04) 38(l. 47) 638(98.00) 72(14.85) 139(100) 1,784(7.35) 
-1,200 1,629(15.03) 2,102(21.93) 1,996(77.39) 6(0.92) 244(50.31) 0 5,977(24.62) 
-1,350 2,759(25.45) 1,926(20.09) 499(19.35) 7(l. 08) 7(l. 44) 0 5,198(21.41) 
-1,500 4,526(41.75) 2,883(30.08) 40(l. 55) 0(0.00) 61(12.58) 0 7,510(30.93) 
>1,500 1,800(16.61) 1,904(19.86) 6(0.23) 0(0.00) 101(20.82) 0 3,811(15.70) 
Total 10,840(100) 9,586(100) 2,579(100) 651(100) 485(100) 139(100) 24,280(100) 
Using mosquito nets was not common in the study area. Less than one fifth of the 
study population (18.76%) owned mosquito nets. Nevertheless, the owners of 
mosquito nets were not homogeneously distributed in the whole area. Neither is the 
population though. The most mosquito net owners resided in the lower altitude area 
where the densities of mosquitoes were very high, and malaria transmission was also 
intensive. Other owners of mosquito nets were the people with a better socio- 
economic situation. The distribution of mosquito nets at different altitudes is shown in 
Table 5.3. Populations residing in the lower altitude area had significantly higher 
proportion of own mosquito nets (X2= 3028, P<0.0001). 
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Table 5.3. The distribution of mosquito net ownership at different categories of 
altitude in the study cohort in Feng Chun Ling 
Altitude No net Net Total 
<=800 769(43.11) 1,015(56.89) 1,784(100) 
-1200 4,214(70.50) 1,763(29.50) 5,977(100) 
-1350 4,330(83.30) 868(16.70) 5,198(100) 
-1500 6,859(91.33) 651(8.67) 
7,510(100) 
>1500 3,552(93.20) 259(6.80) 3,811(100) 
Total 19,724(81.23) 4,556(18.76) 24,280(100) 
5.5.1 Environmental characteristics of households 
The geographical co-ordinates of 5,007 households were identified by the two single- 
hand held GPS receivers in 85 villages from May to June 1998. The spatial 
distribution of the households is shown in Figure 5.2. 
Most households were built with earth bricks and a straw roof (52.25%). 4.3 1% of the 
households were temporary huts with straw roofs and no wall. The rest of the 
households were built with cement bricks or regular board. The detailed quality of 
housing and the population distribution is shown in Table 5.4. 
Table 5.4. Household characteristics and population distribution in the study area 
Quality of household No. household (%) No. population(%) 
Good 2,175(43.44) 10,901(44.90) 
FlaP 2,616(52.25) 12,540(51.65) 
Temporary hut' 216(4.31) 83 (3.46 
Total 5,007(100) 24,280(100) 
'Built with cement bricks or regular board 
2 Built with earth brick and straw roof 
3 No wall usually with straw roof 
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5.5.3 Topographical and terrain distribution of households and their population 
The terrain of the study area is highly variable (Figure 5.3) with the altitude ranging 
between 144 metres and over 2,500 metres above the sea level. The spatial 
distribution of the 5,007 households was categorised into 5 strata based on the mean 
altitude of the housebolds. The detailed categorised results are shown in Table 5.5. As 
shown in the table, around one third of the study population resided in areas with an 
altitude below 1,200 metres, where malaria is highly endemic. More than half of the 
households were located in the area with an altitude above 1,300 metres, in which 
malaria transmission was less intensive, but most of the cases would be imported from 
the lower altitude area. 
Table 5.5. Altitude distribution of households and population in Feng Chun Ling 
Altitude No. household No. population 
<=800 377(7.53) 1,781(7.34) 
-1200 1,225(24.47) 5,977(24.62) 
-1350 1,060(21.17) 5,198(21.41) 
-1500 1,554(31.04) 7,511(30.93 ) 
>1500 791(15.80) 3,813(15.70) 
Total 5,007(100) 24,280(100) 
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5.5.4. Classified satellite image and land use of households in the study cohort 
The SPOT image was classified into four classes of land use types based on an 
unsupervised classification algorithm, namely, "forest", "paddy field", "dry cropland" 
and "others". The classification focused on the hypotheses of the main study. The 
cluster of "others" includes barren land, tropical fruit land, banana plantation, brush 
and bushwoods, roads and rock etc. Spatial patterns of the land use types and 
household locations are shown in Figure 5.4. The number of pixels and the proportion 
of land use types of the classified image were calculated in ERDAS. The result of 
satellite image classification showed that 31% of land in the study area was covered 
by forest, which is slightly higher than the county-wide average of land use map used 
in the phase I study (25.7%)., Paddy field and dry crop field comprised 12.5% and 
11.3% of the land of the study area, respectively, which is roughly similar to the 
county-wide average in the land use map described in the phase I study (Table 4.3). 
Table 5.6 shows the summary result of the sub-set of classified images that covered 
the study area. 
Table 5.6 Summary of land use classification showing the total number of SPOT 4 
image pixels, their equivalent area (km2) and the proportion of each of the land use 
elements over the study area covered by the sub-set classified image 
Type of land use No. pixels Km2 Percentage 
Forest 409,464 163.79 31.3% 
Paddy field 162,987 65.19 12.5% 
Dry crop field 147,378 58.95 11.3% 
Others 586,971 234.79 44.9% 
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Overall 46 ground-truth test sites of land use types were surveyed, which consisted of 
2,331 pixels corresponding to the sizes of SPOT pixel cells. The number of test sites 
used to determinate the classification accuracy varied by land use types, from 8 for 
forest to 14 for "others". The number of test sites for each land use type was 
dependent on the size of the test site and the representative on the variation of the land 
use type in the study area. The results of the accuracy assessment of the land use 
classification are shown in Table 5.7. The overall classification accuracy for all land 
use types was 84.2%. The highest classification accuracy was 91.7% for forest, 
followed by 83.6% for paddy, 81.8% for others and 76.3% for dry cropland. Errors in 
the classification of forest and paddy resulted mainly from misclassification as dry 
crops and "others". Errors for dry cropland were mainly due to misclassification as 
"others" and vice versa. 
Table 5.7. Error matrix resulting from classifying SPOT 4 image and ground truth's 
land use test data in the study area, Feng Chun Ling 
Test Pixels in Pixels classified into the land use 
Classification Sites test site Correct types in the SPOT image 
(n) image(n) N Forest Paddy Drycrop Others 
Forest 8 671 91.7 615 7 12 37 
Paddy 13 543 83.6 4 454 43 42 
Drycrop 11 375 76.3 0 21 286 68 
Others 14 742 81.8 31 11 93 607 
Total 46 2,331 84.2 650 493 434 754 
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5.5.5 Association of altitude and land use variables in the study area 
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The relationships between altitude and the angular transformed land use variable were 
assessed. As shown in Figure 5.5, land use patterns around households are 
significantly correlated with altitude, particularly for the forest and "others". The 
relative amount of forest around households was significantly positively correlated 
with altitude (r = 0.68, P<0.001) and the land use variable "others" was significantly 
negatively correlated with altitude (r = -0.73, P<0.001) (Table 5.8). The results 
suggest that forest is mainly distributed in the higher altitude area and "other" mainly 
in the lower altitude area. As shown in Table 5.5.8, there was a significant negative 
correlation between paddy and forest (r = -0.33, P<0.001), and paddy and dry 
cropland (r = -0.53, P<0.001). A strong negative correlation between dry cropland 
and land use variable "others" (r = -0.74, P<0.001). The strong autocorrelation among 
landscape, and land use variables might make it very difficult to assess the effect of 
the variables on risk of malaria in univariate analyses. 
Figure 5.5. The correlation of altitude w ith land use variables in study area 
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dry crop 
others 
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Table 5.8. Correlation matrix resulting from altitude, angular transformed proportion 
of paddy, forest, dry cropland and others in the study cohort 
Altitude Paddy Forest Drycrop Others 
Altitude 1.00 -0.19 0.68 0.18 -0.73 
Paddy -0.19 1.00 -0.33 -0.53 0.12 
Forest 0.68 -0.33 1.00 -0.19 -0.74 
Dry crop 0.18 -0.53 -0.19 1.00 -0.26 
Others -0.73 0.12 -0.74 -0.26 1.00 
5.5.6 Malaria data and population temporary migration 
At the end of the study, a total of 5,360 slides had been collected from patients who 
had experienced febrile episodes during the seven-month study period. Of those 663 
slides (12.37%) were identified as malaria parasite positive. Of the 663 malaria cases, 
14 cases were excluded because they were identified as positive twice with the same 
species of parasites within one month. It was likely that the same patients saw 
different doctors for the same malaria episode or didn't take enough antimalarial 
drugs to clear malaria parasites from their blood. Patients were still considered to be 
individual cases if they were detected positive twice within a month but with different 
species of malaria parasites. Therefore, the total malaria cases analysed were 649. Of 
these, two thirds of them (429/649) were P. vivax infection, one third of them 
(217/649) were P. falciparum, and 3 cases had mixed infections with both P. vivax 
and P. falciparum. 
Inter-village temporary migration was very common in the study area, particularly in 
the middle and high mountain regions. People in the middle and high mountain 
villages temporarily migrated into the lower altitude villages for agriculture (to plant 
bananas and other tropical fruits) and for mining activity due to the relative lack of 
family land at the middle and the top of the 
, 
mountains. Its this work, temporary 
migration was defined as "someone in the study cohort who stayed outside his1her 
village at least one night in the lower altitude areas during the study period". 
Around 14% of the study cohort had a history of temporary migration into the lower 
altitude areas during the 7 month study period, when malaria is highly transmitted, 
particularly for P. falciparum (Table 5.9). The majority of the temporarily migrant 
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populations were males (75%). The proportion of temporary migration among males 
was significantly higher than that among females (X2=701, P <0.0001). Around 80% 
of the temporarily migrating population were aged between 15 and 44 years old. And 
more than one in five of this age group in the study cohort had a history of temporary 
migration to the lowlands, for agriculture and other temporary jobs such as mining 
activity. A relatively small proportion of the elderly population and small children 
also migrated to the lowlands. The people most likely to migrate are from the area 
where the altitude was over 1,200 metres, and relatively fewer people in the 
low 
altitude areas were mobile (Table 5.9) 
Table 5.9. The sex, age and altitude of household and the history of migration 
distribution of the study cohort 
Variables No. migration Migration Total Proportion of 
migration(%) 
Sex 
Male 10,500 2,520 13,020 19.4 
Female 10,408 852 11,260 7.6 
Sub-total 20,908 3,372 24,280 13.9 
Age groups 
1-6 2,652 71 2,723 2.6 
7-14 4,195 119 4,314 2.8 
15-30 6,050 1,580 7,630 20.7 
31-44 3,776 1,105 4,881 22.6 
>=45 4,235 497 4,732 10.6 
Sub-total 20,908 3,372 24,280 13.9 
Altitudes 
<=800 1,783 1 1,784 0.1 
-1200 5,579 398 5,977 6.7 
-1350 4,344 854 5,198 16.4 
-1500 6,140 1,370 7,510 18.2 
>1500 3,062 749 3,811 19.7 
Sub-total 20,908 1 3,372 1 24,280 1 13.9 
Some cases were not infected within their native villages due to the temporary 
migration to the high malaria risk areas. The definition of a non-indigenous malaria 
case in the present study is "someone who in the past month had a history of 
staying its a high malaria risk area (the low altitude areas) 7 days prior to the 
currentfebrile episode". Based on this definition, around half of the total of cases 
(315 out of 649) were non-indigenous malaria cases (infected in the lower altitude 
areas) (Figure 5.6). The overall risk of indigenous malaria is 24.58 /1000 person 
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years at risk based on present difinition. The risk for Rvivax was 17.81/1000 person 
years at risk and for P. falciparum was 6.92 /1000 person years at risk. Nevertheless, 
the present definition might misclassify some imported malaria cases with an 
incubation period longer than one month into indigenous malaria cases. 
Figure 5.5. Malaria case classification based on the assumed source of infection 
Total cases 
649 
Indigenous cases 
334(51.5%) 
1 Imported cases 
315(48.5%) 
1 
P. vivax P. falcip. Mixe P. vivax 1 P. falcip. Mixed 
240(71.9%) 92(27.5%) 2(0.6%) 
111 
189(60.0%) )-1/01 125(39.7%) 
1 
1(0.3%) 
The proportion of Pfialciparum infection o f the imported case group was mu ch higher 
than that of the indigenous group. The difference between the two groups was 
statistically significant (X2=10-59, P=0.001). This reflects that the imported cases get 
their infection in the lower altitude areas where P. falciparum was the dominant 
infection among the inhabitants. 
Table 5.10 shows the distribution of indigenous malaria and imported malaria cases 
based on the present indigenous malaria case definition in the study cohort (mixed 
infection counted as both P. vivax and P. falciparum infection). The majority of the 
imported cases were from the age group 14 to 44 in the highlands, who also migrated 
the most. Only a small proportion of malaria cases was from children and the older 
population. Over 90% of the imported cases were from the areas with altitude above 
1,200 metres, where also the most active migration occurred due to scarcity of land in 
the areas. 
A further crude analysis was carried out to compare the risk of malaria of temporarily 
migrating population with non-migrant population in the study cohort regardless Of 
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whether the malaria cases were imported or indigenous malaria cases as shown in 
Table 5.11. The overall risk of people with and without a temporary migration history 
were 118.6 and 12.1 per 1000 persons, respectively, during the 7 month study period. 
The relative risk of the migrant population against non-migrant population was 9.8, 
suggesting the migrant population had around 10-fold higher the risk of malaria than 
those of the non-migrant population. But there were large variations in the relative 
risks by sex, age as well as altitude as shown in Table 5.11. Among migrants the 
relative risks of children were much higher than of adults, and people in the higher 
mountain areas also had higher relative risk as shown in the Table. These imply that 
young age groups and the population in higher altitude areas were more vulnerable 
due to lacking immunity to malaria. The reason that migrant females had a higher 
relative risk is not very clear, it might be also because the females were less mobile 
and thus less immune to malaria. Although this crude analysis has a number of 
methodological problems such as comparability of the two groups and that the relative 
small number of people in some categories made the ratios unstable. But this crude 
analysis demonstrates that migration was a very important malaria indicator in the 
study area. 
Table 5.10. Age and altitude distribution of indigenous malaria and imported malaria 
cases in the study cohort in Feng Chun Ling* 
Indi genous cases Imported cases 
Variables Male Female Total Male Female Total 
Ages (Year) 
1-& 18 14 32 9 11 20 
7-14 33 38 71 27 10 37 
15-30 81 42 123 120 47 167 
31-44 27 42 69 39 26 65 
>=45 24 17 41 19 8 27 
Total 183 153 336 214 102 316 
Altitude (m) 
<--800 48 32 80 0 0 0 
-1200 56 35 91 17 2 19 
-1350 30 28 58 58 31 89 
-1500 34 43 77 90 43 133 
>1500 15 15 30 48 27 74 
Total 1 183 153 336 1 213 103 316 
ýmixea inlection countea as oom -. vivax and P. jalciparum int-ection 
152 
Table 5.11. The relative risk of malaria among migrated and non-migrated population 
groups in the study cohort, Feng Chun Ling. 
No migration Migration 
Variables No. pop. No. cases Incidence/1000 No. pop. No. cases Incidence/1000 Ratios* 
Sex 
Male 10,500 137 13.1 2,520 260 103.9 7.9 
Female 10,408 115 11.1 852 140 164.3 14.8 
Total 20,908 252 12.1 3,372 400 118.6 9.8 
Ages 
1-6 2,652 31 11.7 71 21 295.8 25.3 
7-14 4,195 60 14.3 119 48 403.3 28.2 
15-30 6,050 81 13.4 1,580 209 132.2 9.9 
31-44 3,776 44 11.7 1,105 90 81.4 7.0 
>=45 4,235 36 8.5 497 32 64.4 7.6 
Total 20,908 252 12.1 3,372 400 118.6 9.8 
Altitude 
<=800 1,783 80 44.9 1 0** 0.0 0.0 
-1200 5,579 79 14.2 398 31 77.9 
5.5 
-1350 4,344 30 6.9 854 
117 137.0 19.9 
-1500 6,140 47 7.7 1,370 163 119.0 
15.5 
>1500 3,062 16 5.2 749 89 118.8 22.8 
Total 1 20,908 252 12.1 1 3,372 400 118.6 1 
-9.8 *Ratio is the incidence rate ot migrant population over tnat ot no migrant population 
** This group is effectively non-existent because of the definition of migration 
5.5.7. Malaria risk for different demographic and behavioural variables 
The distribution of indigenous malaria with different demographic variables is shown 
in Tables 5.12 and 5.13. The risk of malaria among males and females was roughly 
similar although females were slightly at less risk than males. It is probable that males 
had more exposure to mosquitoes due to temporary migration from one place to 
another for work. The age distribution of malaria showed the classic age distribution 
of malaria in Asia. Malaria basically infected all age groups. The school children, 
young adults and adults had a relatively higher risk of malaria infection. Pre-school 
children and older people generally had less risk of malaria. That might be due to the 
fact that young adults and the adult group tended to be more active at night. Hence, 
they are more exposed to mosquitoes. Young adults and adults were also active 
migrants to the low altitude areas. They were very much more likely to get the 
infection from outside of their villages. 
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Malaria affected all ethnic minority groups, but the Dai, Miao and Zhuang ethnic 
groups were at much higher risk than others. That might be because the three groups 
usually lived in the lower altitude areas in which the higher temperatures favoured 
mosquito breeding and malaria transmission as shown in Table 5.2. 
The relationship between the number of years of education and the risk of malaria is 
also shown in Tables 5.12 and 5.13. It seems that more education is associated with a 
higher risk of malaria. That is probably because the educated populations were more 
sociable and liable to go out during the night. Another interpretation is that more 
educated people tended to see their doctors often, but this is unlikely due to the good 
surveillance was set up in the study area. It might be due to chance. 
It has long been known that that mosquito nets tend to be protective from mosquito 
biting and malaria infection, but present data suggest that people using mosquito nets 
have a significantly higher risk of malaria (Tables 5.12 and 5.13). That may be 
because people who live at lower altitudes with the highest density of mosquitoes and 
risk of malaria were more likely to own mosquito nets for personal protection from 
mosquito biting as shown in Table 5.3. The univariate analysis could not identify the 
association between mosquito nets and risk of malaria since other landscape and 
environmental variables were so strong in determining the malaria spatial distribution 
in the study area, particularly altitude as shown in Tables 5.14 and 5.15. 
People with a history of travelling outside their village had much a higher risk than 
those people who never moved outside their villages, both for P. vivax and P. 
falciparum infection (Tables 5.12 and 5.13). Most travellers went to higher risk 
malaria areas for agriculture and mining work. The place was very hot, and they 
mostly lived in temporary huts, which are easily accessible to mosquitoes. 
Consequently they became, infected with malaria parasites. This supports our theory 
that our original definition of indigenous malaria cases might misclassify some 
imported malaria cases with an, incubation period longer than onc month into 
indigenous malaria cases as described in section 5.5.6 of this Chapter. 
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Table 5.12. P. vivax indigenous malaria distribution based on demographic, socio- 
economic and behaviour variables in the study cohort of Feng Chun Ling 
No. PYAR' No. Incidence per 1000 
Variables POP. vivax person year at risk5 
Sex 
Male 13,020 7,130.9 128 17.95(15.10,21.35) 
Female 11,260 6,459.7 114 17.65(14.69,21.20) 
Ages 
1- 6 2,723 1,584.4 21 13.25( 8.64,20.33) 
7-14 4,314 2,520.0 58 23.02(17.79,29.77) 
15-30 7,630 4,158.0 84 20.20(16.31,25.02) 
31-44 4,881 2,645.5 49 18.52(14.00,24.51) 
>= 45 4,732 2,682.7 30 11.18( 7.82,15.99) 
Ethnic Groups 
Han 10,840 6,042.0 78 12.91(10.34,16.12) 
Hani 9,586 5,304.0 124 23.38(19.61,27.88) 
Yi 2,579 1,500.6 16 10.66( 6.53,17.40) 
Dai 651 382.4 15 39.23(23.65,65.07) 
Miao 485 279.8 7 25.02(11.93,52.47) 
Zhuang 139 81.8 2 24.45( 6.11,97.75) 
Education 
Illiterate 14,044 7,990.1 123 15.39(12.90,18.37) 
Elementary 8,790 4,828.2 100 20.71(17.03,25.20) 
Secondary 1,446 772.3 19 24.60(15.69,38.57) 
Net 
No 19,724 1,1017.4 187 16.97(14.71,19.59) 
Yes 4,556 2,573.2 55 21.37(16.41,27.84) 
Quality of house 
Temporary hue 839 460.7 12 26.05(14.79,45.86) 
Flat 3 12,540 7,030.6 112 15.93(13.24,19.17) 
Good4 10,901 6,099.3 118 19.35(16.15,23.17) 
Migration 
No 20,908 12,315.7 187 15.18(13.16,17.52) 
Yes 3,372 1 1,275.0 1 55 - 
] 43.14(33.12,56.19) 
I Person years at risk 
2 No wall usually with straw roof 
3 Built with earth brick and straw roof 
4 Built with cement bricks or regular board 
595% confidence interval in parentheses 
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Table S. 13,. Rfalciparum indigenous malaria distribution based on demographic, 
socio-economic, and behaviour variables in the study cohort of Feng Chun Ling 
No. PYAR' No. Incidence per 1000 
Variables POP- falcip. person year at risk5 
Sex 
Male 13,020 7,130.9 55 7.71 ( 5.92,10.05) 
Female 11,260 6,459.7 39 6.04 (4.41,8.26) 
Ages 
1- 6 2,723 1,584.4 11 6.94(3.85,12.54) 
7-14 4,314 2,520.0 13 5.16(2.99,8.88) 
15-30 7,630 4,158.0 39 9.38(6.85,12.84) 
31-44 4,881 2,645.5 20 7.56(4.88,11.72) 
>= 45 4,732 2,682.7 11 7,7.40) 
Ethnic groups 
Han 10,840 6,042.0 36 6.79( 4.90,9.41) 
Hani 9,586 5,304.0 24 3.97( 2.66,5.93) 
Yi 2,579 1,500.6 6 4.00( 1.80,8.90) 
Dai 651 382.4 22 57.53(37.88,87.37) 
Miao 485 279.8 3 36.67(11.83,113.69) 
Zhuang 139 81.8 3 10.72(3.46,33.24) 
Education 
Illiterate 14,044 7,990.1 50 6.26(4.74,8.25) 
Elementary 8,790 4,828.2 36 7.46( 5.38,10.34) 
Secondary 1,446 772.3 8 10.36( 5.18,20.71) 
Net 
No 19,724 11,017.4 60 5.45(4.23,7.01) 
Yes 4,556 2,573.2 34 13.21(9.44,18.49) 
Quality of house 
Temporary hue 839 460.7 37 6.07(4.40,8.37) 
FlaO 12,540 7,030.6 52 7.40(5.64,9.71) 
Good4 10,901 6,099.3 5 10.85 4.52,26.07) 
Migration 
No 20,908 12,315.7 65 5.28(4.14,6.73) 
Yes 3,372 
. 
1,275.0 29 22.75(15.81,32.73) 
- rerson years at nSK 2 No wall usually with straw roof 3BUilt with earth brick and straw roof 
4 Built with cement bricks or regular board 
595% confidence interval in parentheses 
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The risks of P. vivax and P. falciparum indigenous malaria for different categories of 
altitude and land use variables are shown in Tables 5.14 and 5.15. There were large 
variations in the risk of malaria by altitude. There were clear negative associations of 
P. vivax and P. falciparum malaria with altitude in the study cohort. The higher the 
altitude, the lower the risk of malaria. The angular transformed proportion of land use 
variables: "forest", "paddy", "dry crop land" and "other" were categorised into 
quintiles in this analysis so that the same number of subject in each category would be 
achieved. This is quite a sensible way of choosing the group intervals provided the 
actual intervals are reported, although such intervals will vary from study to study, 
thus making it harder to compare findings (Clayton & Hill, 1993). There was a 
negative trend of the risk of P. vivax and P. falciparum and the relative amount of 
forest around household in the study area. However, the amount of forest is positively 
correlated with altitude (r =0.68 P<0.001) and negatively correlated with paddy (r = 
-0.33 P<0.001) in the study area as shown in Table 5.8. Therefore, the relationship 
between forest and risk of malaria cannot be identified by the crude analysis. The 
risks of P. vivax and P. falciparum for the different categories of paddy showed high 
variations. There were general trends that more paddy was associated with a higher 
risk of both P. vivax and P. falciparum. There was a negative trend of the risk of 
malaria and the relative amount of dry cropland around households. This might also 
be due to the confounding effect of other variables, particularly paddy (r =-0.53 
P<O. 001). The risk of P. vivax and P. falciparum with the different categories of land 
use variable "others" showed large variation, but no general trend could be identified. 
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Table 5.14. P. vivax indigenous malaria distribution based on altitude and land use 
variables in the study cohort of Feng Chun Ling 
No. PYARý No. Incidence per 1000 
Variables POP. vivax person years at risk3 
Altitude 
<=800 1,784 1,049.1 43 40.99 (30.40,55.27) 
-1200 5,977 3,439.2 70 20.35(16.10,25.73) 
-1350 5,198 2,881.5 52 18.05(13.75,23.68) 
-1500 7,510 4,133.0 58 14.03(10.85,18.15) 
>1500 3,811 2,087.8 19 9.10( 5.81,14.27) 
Forest 
Ist quintile(O. 166-0.404) 4,856 2,787.0 73 26.19(20.82,32.95) 
2 nd quintile(O. 404-0.507) 4,856 2,701.6 44 16.29(12.12,21.89) 
3 rd quintilc(O. 507-0.567) 4,856 2,674.2 39 14.58(10.66,19.96) 
4 th quintile(O. 567-0.67 1) 4,856 2,676.1 53 19.81(15.13,25.92) 
5 th quintile(O. 671-1.019) 4,856 2,751.8 33 
--11.99( 
8.53,16.87) 
Paddy 
I st quintilc(O. 148-0.279) 4,856 2,759.4 35 12.68( 9.11,17.67) 
2 nd quintile(O. 279-0.325) 4,856 2,649.9 39 14.72(10.75,20.14) 
3 rd quintilc(O. 325-0.381) 4,856 2,696.6 32 11.87( 8.39,16.78) 
4 th quintile(O. 318-0.455) 4,856 2,715.4 59 21.73(16.84,28.04) 
5 th quintile(O. 455-0.732) 4,856 2,769.4 77 27.80(22.24,34.76) 
Dry crop land 
I St quintile(O. 128-0.332) 4,856 2,749.9 70 25.46(20.14 32.18) 
2 nd quintile(O. 332-0.377) 4,856 2,744.4 55 20.04(15.39 26.10) 
3 rd quintilc(O. 337-0.439) 4,856 2,755.5 55 19.96(15.32 25.99) 
4 th quintile(O. 439-0.566) 4,856 2,729.6 31 11.36( 7.99 16.15) 
5th quintile(O. 566-0.735) 4,856 2,611.1 31 11.87( 8.35 16.88) 
Others 
I st quinfilc(0.412-0.623) 4,856 2,677.1 36 13.45( 9.70,18.64) 
2 nd quintile(O. 623-0.658) 4,856 2,710.1 57 21.03(16.22,27.27) 
3'dquintilc(O. 658-0.688) 4,856 2,698.2 50 18.53(14.05,24.45) 
4'hquintile(O. 688-0.718) 4,856 2,704.8 40 14.79(10.85,20.16) 
5 th quintile(O. 718-LI71) , 
4,856 2,800.4 
1 59 1 21.07(16.32,27.19) 'Anguiar transionnea proportion ot land use variables in parentheses 2 Person years at risk 
3 95% confidence interval in parentheses 
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Table 5.15 Pfialciparum indigenous malaria distribution based on altitude and land 
use variables in the study cohort of Feng Chun Ling 
No. PYAW No. Incidence per 1000 
Variables' POP. falcip. pr years at risk3 
Altitude 
<=800 1,784 1,049.1 37 35.27(25.55,48.68) 
-1200 5,977 3,439.2 21 6.11(3.98,9.37) 
-1350 5,198 2,881.5 6 2.08(0.94,4.64) 
-1500 7,510 4,133.0 19 4.60(2.93,7.21) 
>1500 3,811 2,087.8 11 5.27(2.92,9.51) 
Forest 
I st quintile(O. 166-0.404) 4,856 2,787.0 44 15.79(11.75,21.22) 
2 nd quintile(O. 404-0.507) 4,856 2,701.6 15 5.55( 3.37,9.21) 
3 rd quintile(O. 507-0.567) 4,856 2,674.2 14 5.24( 3.10,8.84) 
4 th quintile(O. 567-0.671) 4,856 2,676.1 10 3.74( 2.01,6.95) 
5 th quintile(O. 671-1.019) 4,856 
. 
2,751.8 11 3.99( 2.21,7.22) 
Paddy 
Ist quintile(O. 148-0.279) 4,856 2,759.4 16 5.80( 3.55 9.47) 
2 nd quintile(O. 279-0.325) 4,856 2,649.9 15 5.66( 3.41 9.39) 
3 rd quintile(O. 325-0.381) 4,856 2,696.6 8 2.97( 1.48 5.93) 
4 th quintile(O. 381-0.455) 4,856 2,715.4 31 11.42( 8.03 16.23) 
5 th quintile(O. 455-0.732) 4,856 2,769.4 
_ 
24 8.67( 5.81 12.92) 
Dry crop land 
Istquintile(O. 128-0.332) 4,856 2,749.9 22 8.00(5.27,12.15) 
2 nd quintile(O. 332-0.377) 4,856 2,744.4 29 10.57(7.34,15.21) 
3 rd quintile(O. 377-0.439) 4,856 2,755.5 20 7.26(4.68,11.25) 
4 th quintile(O. 439-0.566) 4,856 2,729.6 9 3.30(l. 72,6.34) 
5th quintile(O. 566-0.735) 4,856 2,611.1 
- 
14 5.36(3.18,9.05) 
Others 
Ist quintile(O. 412-0.623) 4,856 2,677.1 14 5.23(3.10,8.83) 
2 nd quintile(O. 623-0.658) 4,856 2,710.1 12 4.43(2.52,7.80) 
3 rd quintile(O. 658-0.688) 4,856 2,698.2 10 3.71( 1.99,6.89) 
4 th quintile(O. 688-0.718) 4,856 2,704.8 13 4.81( 2.79,8.28) 
5 th quintile(O. 718-1.171) , 
4,856 L2,800.4 45, 
- 1 
16.07(11.99,21.52) 
-Anguiar transtornica proportion ot land use variables in parentheses 
'Person years at risk 
3 95% confidence interval in parentheses 
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5.5.8 Results of Poisson regression analysis 
P. vivax malaria (dependent variable) together with demographic, human behaviour 
and environmental variables (independent variables) in the study cohort were fitted 
into a Poisson regression model. To appraise the associations between vivax malaria 
and all variables collected in the present study, separate analyses were carried out by 
fitting each individual variable at a time into a Poisson regression model for the crude 
analysis as shown in the fifth column of Tables 5.16 and 5.17. The final model was 
selected by adding Ugý05n-e variable at a time into the model. Only the variables that 
were significant, after adjusting for other covariates, were included in the final model. 
Consequently, ages, ownership of mosquito net, history of temporary migration, 
ethnic group, altitude, paddy and forest variables were included in the final model. 
The final model for P. vivax malaria was shown as bold in the last column of Tables 
5.16 and 5.17. The test for trend for each variable was also carried out as shown (italic 
P-value) in the Tables. 
The results of the Poisson regression modelling for the risk of P. vivax on socio- 
economic and demographic variables are shown in Table 5.16. The crude analysis 
shows that the risk of P. vivax in females was roughly the same as males. After 
adjusting for other potential confounding variables in the final model, the relative risk 
between females and males remains the roughly same. There was a clear association 
between age group and the risk of P. vivax as shown in Table 5.16. The school-age- 
children were at the highest risk in the crude analysis, the same trend remains in the 
final model. The younger the age (above 7 years), the higher the risk of P. vivax 
malaria (P< 0.008), suggesting the young age group lacked immunity to the parasite. 
There were large variations in the risk of A vivax malaria among different ethnic 
groups in the study cohort. The Dai ethnic group was at the highest risk, followed by 
Miao, Zhuang and Hani groups. Yi ethnic group was at the lowest risk in the crude 
analysis. The association between Hani and Dai ethnic groups and risk of vivax 
malaria were not significant in the final model, suggesting the associations identified 
in the crude analysis are due to the confounding effect of other variables, particularly 
altitude as shown in Table 5.2. Only the Yi ethnic group had a significantly lower 
relative risk. The biological reason of the lower relative risk for this group is not clear. 
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The crude analysis suggested that the higher educated population were at a higher risk 
of P. vivax malaria in the study cohort. The effect of education on the risk of P. vivax 
was not statistically significant after adding the variable into the final model although 
the same trend still remained, possibly due to chance. The residents of temporary huts 
appeared to experience a higher risk of malaria. But it was not statistically significant 
in either the crude analysis or the adjusted analysis in the final model. 
The crude analysis indicates that the population owning mosquito nets had a slightly 
higher risk of Rvivax incidence than those who didn't own mosquito nets. People 
owning a net had 0.73 times the risk of vivax malaria as compared with those without 
mosquito nets in the final model, suggesting that a protective efficacy of mosquito net 
against vivax malaria of 27% in the study cohort. The results imply that the higher 
risk of P. vivax malaria among mosquito net owners in the crude analysis was due to 
the effect of other confounding variables, particularly altitude as shown in Table 5.3. 
The effect of temporary migration on the risk of vivax malaria is shown in Table 5.16. 
People with a history of migration during the study period had 2.84 times risk of 
vivax malaria than that of population without any history of temporary migration in 
crude analysis. The effect is much stronger (RR=4.97) in the final model. However, 
this might not be a proper estimate of the effect of migration activity because our 
indigenous malaria case definition might include some imported cases as discussed in 
section 5.5.6 of this Chapter. 
The association between the risk of P. vivax and the environmental determinants are 
shown in Table 5.17. Altitude is negatively associated with the risk of vivax malaria. 
People residing in an area with altitude over 800 metres had less than half the risk of 
those living below 800 metres. The effects were much stronger in the final model as 
shown in Table 5.17. The significant differences between crude rate ratio and adjusted 
rate ratio suggested the unbalanced distribution of other A vivax malaria determinants 
against altitude in the study area. In other words, other major determinants of P. vivax 
malaria are mainly distributed in the higher altitude areas, such as paddy, forest and 
migration etc. 
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The crude analysis indicates a negative correlation between the risk of vivax malaria 
relative to the amount of forest. But a strong positive correlation was identified in the 
final model. The apparent negative association in the crude analysis is largely due to 
the positive correlation between altitude and forest, and negative correlation between 
paddy and forest as shown in Table 5.8. Nevertheless, the effect of forest dramatically 
increased the risk of vivax malaria at the fourth quintile with no further increasing at 
fifth quintile, suggesting that mosquitoes need at least a certain amount of forest 
(threshold) around the environment to increase their density and transmission. Once 
the mosquito gets enough forest cover and forest edges to maintain their breeding, 
more forest does not progressively increase the risk of malaria, probably due to a non- 
linear correlation between the amount of forest and the amount of mosquito breeding 
sites such as forest edges in the study area. 
The crude analysis suggested the possible positive association between risk of vivax 
malaria and relative amount of paddy around the households. The association between 
the risk of P. vivax and paddy was even stronger in the final model as was shown in 
Table 5.17. The more paddy fields, the higher relative risk of vivax malaria. 
The crude analyses indicated a strong negative correlation between the risk of P. vivax 
malaria and dry cropland in the study cohort. The appearance of the negative 
association between the two variables disappeared after adding the variable into the 
final model, suggesting that the apparently strong negative correlation between the 
relative amount of dry cropland and the risk of vivax malaria was due to other 
confounding effects. As shown in Table 5.8, the amount of dry crop land was 
significantly negatively correlated with paddy and forest in the study cohort. More dry 
crop land around household means less forest and/or paddy, and therefore fewer 
mosquito breeding sites. There was no apparent effect of land use category "others" in 
either crude or adjusted analysis of the Poisson regression modelling as shown in 
Table 5.17. 
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Table 5.16. Poisson regression modelling for P. vivax indigenous malaria and socio- 
economic, demographic and behaviour variables in the study cohort, Feng Chun Ling 
No. PYAR' No. Crude rate ratio Adjusted rate 
Variables pop. vivax ratio 
2,3 
Sex 
Male 13,020 7,130.9 128 1 1 
Female 11,260 6,459.7 114 0.98(0.76 1.26) 1.19(0.92 1.54) 
P=0.90 P=0.18 
Ages 
1- 6 2,723 1,584.4 21 1 1 
7-14 4,314 2,520.0 58 1.74(l. 05 2.87) 1.63(0.99 2.69) 
15-30 7,630 4,158.0 84 1.52(0.95 2.45) 1.14(0.70 1.85) 
31-44 4,881 2,645.5 49 1.40(0.84 2.33) 0.99(0.59 1.66) 
>= 45 4,732 2,682.7 30 0.84(0.48 1.47) 0.75(0.43 1.32) 
P<0.009 P<0.008 
Ethnic groups 
Han 10,840 6,042.0 78 1 1 
Hani 9,586 5,304.0 124 1.81(l. 36 2.40) 1.23(0.88 1.70) 
Yi 2,579 1,500.6 16 0.83(0.48 1.41) 0.36(0.20 0.66) 
Dai 651 382.4 15 3.04(1.75 5.28)) 0.73(0.34 1.55) 
Miao 485 279.8 7 1.94(0.89 4.20) 1.10(0.49 2.45) 
Zhuang 139 81.8 2 1.89(0.47 7.71) 0.49(0.10 1.93) 
P<0.001 P<0.001 
Education 
Illiterate 14,044 7,990.1 123 1 1 
Elementary 8,790 4,828.2 100 1.35(l. 03 1.75) 1.10(0.84 1.44) 
Secondary 1,446 772.3 19 1.60(0.99 2.59) 1.27(0.77 2.07) 
P=0.03 P=0.58 
Net 
No 19,724 11,017.4 187 1 1 
Yes 4,556 2,573.2 55 1.26(0.92 1.70) 0.73(0.50 1.02) 
P=O. 13 P--0.06 
Quality of house 
Temporary hut 839 460.7 12 1 1 
Flat 12,540 7,030.6 112 0.61(0.34 1.11) 0.63(0.34 1.14) 
Good 10,901 6,099.3 118 0.74(0.41 1.34) 0.73(0.40 1.34) 
P=O. 14 P=0.22 
Migration 
No 20,908 12,315.7 187 1 1 
Yes 3,372 1,275.0 55 2.84(2.10 3.83) 4.97(3.56 6.94) 
I I I I P<0.001 I P<0.001 
' Person years at risk 
2 Adjusting for other potential confounding variables'namely age, ownership of mosquito net, history of temporary migration, ethnic group, altitude, paddy, forest. 3 The variables in the final model were bold 
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Table 5.17. Poisson regression modelling for P. vivax indigenous malaria, altitude 
and land use variables in the study cohort, Feng Chun Ling 
Va-r -ia b -Ie s- r- No. PYAW No. Crude rate ratio Adjusted rate 
POP. vivax ratio 
3,4 
Altitude 
<=800 1,784 1,049.1 43 1 1 
-1200 5,977 3,439.2 70 0.50(0.34 0.73) 0.06(0.03 0.13) 
-1350 5,198 2,881.5 52 0.44(0.29 0.66) 0.08(0.04 0.16) 
-1500 7,510 4,133.0 58 0.34(0.23 0.51) 0.04(0.02 0.10) 
>1500 3,811 2,087.8 19 0.22(0.13 0.38) 0.01(0.007 0.06) 
P<0.001 P<0.001 
Forest 
I st quintile(O. 166-0.404) 4,856 2,787.0 73 1 1 
2 nd quintile(O. 404-0.507) 4,856 2,701.6 44 0.62(0.43 0.90) 1.17(0.76 1.80) 
3 rd quintile(O. 507-0.567) 4,856 2,674.2 39 0.56(0.38 0.82) 1.22(0.75 1.99) 
4 th quintile(O. 567-0.671) 4,856 2,676.1 53 0.76(0.53 1.08) 2.37(l. 44 3.89) 
5th quintile(O. 671-1.019) 4,856 2,751.8 33 0.46(0.30 0.69) 2.17(1.22 3.88) 
P=0.001 P--O. 002 
Paddy 
I st quintile(O. 148-0.279) 4,856 2,759.4 35 1 1 
2 ndquintile(O. 279-0.325) 4,856 2,649.9 39 1.16(0.73 1.83) 1.35(0.83 2.18) 
3 rd quintile(O. 325-0.381) 4,856 2,696.6 32 0.94(0.58 1.51) 1.63(0.97 2.73) 
4th quintile(O. 381-0.455) 4,856 2,715.4 59 1.71(l. 13 2.60) 2.11(1.34 3.31) 
5 thquintile(O. 455-0.732) 4,856 2,769.4 77 2.19(l. 47 3.27) 2.90(l. 87 4.50) 
P<0.001 P<0.001 
Dry crop land 
I st quintile(O. 128-0.332) 4,856 2,749.9 70 1 1 
2ndquintile(O. 332-0.377) 4,856 2,744.4 55 0.79(0.55 1.12) 0.84(0.53 1.34) 
3 rd quintile(O. 377-0.439) 4,856 2,755.5 55 0.78(0.55 1.12) 0.85(0.46 1.58) 
4'h quintile(O. 439-0.566) 4,856 2,729.6 31 0.45(0.29 0.68) 0.77(0.30 1.99) 
5th quintile(O. 566-0.735) 4,856 2,611.1 31 0.47(0.31 0.71) 0.85(0.19 3.83) 
P<0.001 P=0.89 
Others 
I st quintile(O. 412-0.623) 4,856 2,677.1 36 1 1 
2 ndquintile(O. 623-0.658) 4,856 2,710.1 57ý 1.56(l. 03 2.37) 1.17(0.74 1.83) 
3rd quintile(O. 658-0.688) 4,856 2,698.2 50 1.38(0.90 2.11) 1.00(0.64 1.57) 
4 th quintile(O. 688-0.718) 4,856 2,704.8 40 1.10(0.70 1.72) 0.72(0.43 1.19) 
5th quintile(O. 718-1.171) 4,856 2,800.4 59 1.57(l. 03 2.37) 0.72(0.40 1.28) 
I - I- 
P=0-12 
- P=0.13 Angular transformed proportion of land use variables in parentheses 
2 Person year at risk 
3 Adjusting for other potential confounding variables namely age, ownership of mosquito net, history of 
ation, ethnic group, altitude, paddy, forest tr ; 
variables in the final model were bold 
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A Poisson regression model for P. falciparum malaria for the study cohort was also 
built. Due to the relatively small number of P. falciparum malaria cases in the present 
study, it would not be possible to get enough power to obtain statistical significance 
on most variables in which we are interested. Therefore, the same set of the variables 
as in the P. vivax malaria Poisson regression model were included in the final model 
for P. falciparum on the assumption of the same aetiology of P. falciparum as P. 
vivax malaria in the present study. The final model is shown as bold in the last 
column of Tables 5.18 and 5.19. The methodology of the modelling is the same as 
described as in the context of P. vivax. 
The results of Poisson regression modelling for the risk of P. falciparum on socio- 
economic and behaviour variables are shown in Table 5.18. The crude analysis 
indicates that the risk of P. falciparum malaria in females was slightly lower than in 
males. The relative risks of females and males were roughly the same after adjusting 
other potential confounding variables in the final model. There were some variations 
in the rate ratios of P. falciparum at different ages as shown in Table 5.18. The pre- 
school children were at the highest risk in the final model, which reflects that pre- 
school children had little immunity to P. falciparum although the association was not 
statistically significant due to small number of cases under study. 
There were large variations in the risk of P. falciparum malaria in different ethnic 
groups. Dai and Zhuang ethnic groups were at the highest risk, followed by the Miao 
ethnic group, and Yi ethnic group and the Han Chinese at the lowest risk in the crude 
modelling. Dai, Hani and Zhuang had a significantly higher risk than Han Chinese, 
Miao and Zhuang group were at the borderline. The association between ethnic group 
and risk of falciparum malaria was no longer statistically significant in the final 
model, suggesting the associations identified in the crude analysis were due to the 
confounding effect of other variables, particularly altitude, since the spatial 
distribution of ethnic groups was dependent on altitude as in the context of P. vivax. 
The crude analysis indicated that individuals with higher education were at a higher 
risk of P. falciparum. But after adding the variable in the final model, the relative risk 4A 
of P. falciparum was roughlyAsame as shown in Table 5.18. The population living in 
better houses had a lower risk of P. falciparum malaria infection. This trend remained 
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after adjusting for other confounding variables in the final model although it was not 
statistically significant. This might be due to the small number of P. falciparum 
malaria cases in the "good" group. 
People owning mosquito nets had a significantly higher risk of Pfialciparum infection 
than those who diendt own mosquito nets in the crude model. In the final model, 
people with nets only had 0.85 times risk of falciparum malaria as compared with 
those without mosquito nets, but the difference was not statistically significant. This 
result reveals that the apparent positive connection between the risk of P. falciparum 
and ownership of mosquito nets is due to a confounding effect, particularly of altitude 
(Table 5.3). Nevertheless, the absence of strong evidence that the ownership of 
mosquito nets had protective effect on P. falciparum malaria in the study cohort was 
probably due to the relatively small number of malaria cases in the present analysis. 
The effect of temporary migration on the risk of falciparuin malaria is shown in Table 
S. 18. Population with experience of migration had around 16 fold the relative risk 
(RR=15.76) as shown in the final model. The dramatic increase in the risk of P. 
falciparum malaria suggests that most migration occurred from a high altitude to low 
altitude area as has already been shown in Table 5.5. Nevertheless, this point 
parameter might over estimate the true effect of temporary migration activity itself on 
indigenous malaria due to improper indigenous malaria case definition as in the 
context of P. vivax. 
The association of the risk of Rfalciparum with environmental determinants is shown 
in Table 5.19. Altitude is negatively associated with the risk of falciparum malaria. 
The people residing in areas above 800 metres had less than one fifth of the risk of 
those living in below 800 metres. The same trend remains in the final model as shown 
in Table 5.19. 
The crude analysis indicates a negative correlation between risk of falciparurn malaria 
and the amount of forest. But a positive correlation was identified in the final model 
although it was not statistically significant due to the relatively small number of 
falciparum malaria cases in this study. The apparent negative association in the crude 
analysis is largely due to the positive correlation between altitude and forest as 
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already discussed in the analysis of the risk determinants of P. vivax malaria in the 
study cohort. 
A possible positive association between the risk of falciparum. malaria and the relative 
amount of paddy in the study cohort was revealed in the crude analysis. The trend of 
an association between the risk of falciparum malaria and relative amount of paddy 
around the households remained in the final model, but was not statistically 
significant. It might be due to chance, but considering the mosquito ecology and 
malaria biology as well as the results of the effect of paddy on P. vivax malaria in this 
chapter, this lack of significance might be due to the relatively small number of A 
falciparum cases so that there is not enough power to detect a significant association. 
There was a strongly negative correlation between the risk of P. falciparum malaria 
and dry cropland in the study cohort in the crude analysis. This disappeared after 
adding the variable in the final model by adjusting for other confounding variables, 
which implies that the apparent association is due to the confounding effect of other 
variables, as dry cropland and "other" land use features were significantly correlated 
with altitude and other land use variables as shown in Table 5.8. A positive 
correlation was seen between the land use variable "othere' and the P. falciparum 
malaria in the crude analysis, but the association disappeared after adding it in the 
final model to adjust other confounding variables in the study cohort. 
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Table 5.18. Poisson regression modelling for Rfalciparum indigenous malaria, socio- 
economic, demographic and behaviour variables in the study cohort, Feng Chun Ling 
No. PYAR' No. Crude rate ratio Adjusted rate 
Variables pop. falcip. ratio 
2,3 
Sex 
Male 13,020 7,130.9 55 1 1 
Female 11,260 6,459.7 39 0.78(0.52 1.18) 1.03(0.68 1.57) 
P=0.24 P=0.87 
Ages 
1- 6 2,723 1,584.4 11 1 1 
7-14 4,314 2,520.0 13 0.74(0.33 1.66) 0.64(0.29 1.44) 
15-30 7,630 4,158.0 39 1.35(0.69 2.63) 0.84(0.42 1.68) 
31-44 4,881 2,645.5 20 1.09(0.52 2.27) 0.63(0.30 1.34) 
>= 45 4,732 2,682.7 11 0.59(0.26 1.36) 0.50(0.22 1.17) 
P=0.10 P--0.41 
Ethnic groups 
Han 10,840 6,042.0 36 1 1 
Hani 9,586 5,304.0 24 1.71(l. 02 2.86) 1.33(0.74 2.40) 
Yi 2,579 1,500.6 6 1.01(0.41 2.46) 0.66(0.24 1.81) 
Dai 651 382.4 22 14.48(8.12 25.83) 2.72(0.96 7.78) 
Miao 485 279.8 3 2.70(0.81 8.96) 1.81(0.50 6.50) 
Zhuang 139 81.8 3 9.23(2.78 30.66) 2.00(0.98 8.07) 
P<0.001 P--0.24 
Education 
Illiterate 14,044 7,990.1 50 1 1 
Elementary 8,790 4,828.2 36 1.19 (0.78 1.83) 0.89(0.57 1.37) 
Secondary 1,446 772.3 8 1.66 (0.78 3.49) 1.11(0.52 2.37) 
P=0.37 P=O. 78 
Net 
No 19,724 11,017.4 60 
Yes 4,556 2,573.2 34 2.43(l. 59 3.70) 0.85(0.511.43) 
P<0.001 P--0.55 
Quality of house 
Temporary hut 839 460.7 37 1 1 
Flat 12,540 7,030.6 52 0.68 (0.27 1.71) 0.60(0.24 1.52) 
Good 10,901 6,099.3 5 0.56 (0.22 1.42) 0.58(0.22 1.49) 
P=0.39 P=0.52 
Migration 
No 20,908 12,315.7 65 
Yes 3,372 1)275.0 29 4.31(2.78 6.68) 15.76(8.76 28.32) 
I P<0.001 P<0.001 
' Angular transformed proportion of land use variables in parentheses 
'Adjusting for other potential confounding variables namely age, ownership of mosquito net, history of 
migration, ethnic group, altitude, paddy, forest 
'The variables in the final model were bold 
168 
Table 5.19. Poisson regression modelling for Rfalciparum indigenous malaria, 
altitude and land use variables in the study cohort, Feng Chun Ling 
No. PYARý No. Crude rate ratio Adjusted rate ratio" 
Variables' POP falcip. 
Altitude 
<--800 1,784 1,049.1 37 1 1 
-1200 5,977 3,439.2 21 0.17(0.10 0.30) 0.16(0.04 
0.56) 
-1350 5,198 2,881.5 6 0.06(0.03 0.14) 0.05(0.01 
0.19) 
-1500 7,510 4,133.0 19 0.13(0.08 
0.23) 0.12(0.03 0.47) 
>1500 3,811 2,087.8 11 0.15(0.08 0.29) 0.12(0.02 0.43) 
P<0.001 P<0.001 
Forest 
Istquinti (0.166-0.404) 4,856 2,787.0 44 1 1 
2 nd quinti e(O. 404-0.507) 4,856 2,701.6 15 0.35(0.20 0.63) 1.27(0.60 2.69) 
3rd quintile(O. 507-0.567) 
4 th quintile(O. 567-0.67 1) 
49856 2,674.2 14 0.33(0.18 0.61) 1.34(0.58 3.10) 
5 th quintile(O. 671-1.019) 
4,856 2,676.1 10 0.24(0.12 0.47) 1.03(0.41 2.60) 
4,856 2,751.8 11 0.25(0.13 0.49) 1.85(0.70 4.91) 
P<0.001 P--O. 70 
Paddy 
Ist quinti (0.148-0.279) 4,856 2,759.4 16 1 1 
2 nd quintile(O. 279-0.325) 42856 2,649.9 15 0.98(0.48 1.97) 0.79(0.38 1.68) 
3 rd quintile(O. 325-0.381) 
4 th quintile(O. 381-0.455) 
42856 2,696.6 8 0.51(0.22 1.20) 0.93(0.37 2.31) 
5 th quintile(O. 455-0.732) 4,856 22715.4 31 1.97(l. 08 3.60) 1.44(0.74 2.81) 
42856 2,769.4 24 1.49(0.79 2.81) 1.60(0.78 3.31) 
1 P=0.005 P--0.23 
Dry crop land 
I'quintile(O. 128-0.332) 4,856 2,749.9 22 1 1 
2 nd quintile(O. 332-0.377) 4,856 2,744.4 29 1.32(0.76 2.80) 1.14(0.52 2.51) 
3 rd 
4 th 
quintile(O. 377-0.439) 
quintile(O. 439-0.566) 
A 856 4 2,755.5 20 0.91(0.50 1.66) 0.93(0.33 2.64) 
5 th quintile(O. 566-0.735) 4,856 2,729.6 9 0.41(0.19 0.90) 1.12(0.24 5.18) 
4,856 2,611.1 14 0.67(0.34 1.31) 1.60(0.16 16.18) 
P=0.02 P=0.89 
Others 
Is' quintile(O. 412-0.623) 4,856 2,677.1 14 
2 nd quinti (0.623-0.658) 4,856 2,710.1 12 0.85(0.39 1.83) 0.61(0.26 1.38) 
3 rd quintile(O. 658-0 688) 
4th quintile(O. 688-0 718) 
4,856 2,69 8.2 10 0.71(0.31 1.60) 0.45(0.19 1.03) 
sth quintile(O. 718-1.17 1) 4,856 2,704.8 13 0.92(0.43 1.96) 0.59(0.25 1.37) 
4,856 2,800.4 45 3.07(l. 69 5.60) 0.78(0.31 1.97) 
P<0.001 P=0.39 
'Angular transformed proportion of land use variables in parentheses 
' Person year at risk 
3 Adjusting for other potential confounding variables namely age, owner of mosquito net, history of 
migration, ethnic group, altitude, paddy, forest, 
'The variables in the final model were bold. -' II 
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The Poisson regression models for both P. vivax and P. falciparum malaria described 
above are built, based on our indigenous malaria case definition of "someone who in 
the past month had a history of staying in a high malaria risk area (the low altitude 
areas) 7 days prior to the current febrile episode". This definition might misclassify 
some imported cases with an incubation period longer than one month into indigenous 
cases as already discussed in section 5.5.6. Although we have made proper adjustment 
on the denominator by using person time at risk and further adjustment by including 
the migration variable in the final model to correct it, this factor might still affect to 
build an unbiased model. Therefore, ftirther analysis was carried out to analyse the 
database using the non-migratory population only. We used the same set of variables 
as described above to build the Poisson regression models for both P. vivax and A 
falciparum malaria, so that the models will be comparable. 
The final models for both P. vivax and P. falciparum malaria for the non-migratory 
population only are shown in Tables 4.20,4.21,4.22 and 4.23 as bold. The overall 
conclusion on comparing the results from the overall database with using the non- 
migratory population database only is that it makes very little difference except that 
the negative correlation between altitude is weaker in the non-migrating population 
database only for the Ryivax Poisson regression model, which is understandable on 
removing the migration "noise"'in the model. The new model for A vivax also 
suggest the relative risk for P. vivax malaria from 800 to 1,500 metres was roughly the 
same and the possibility of malaria transmission over 1,500 metres is very small. 
Besides, the new model for P. vivax malaria also reveals a negative correlation 
between dry crop land and risk of malaria, but the test for trend for this association is 
not statistically significant, suggesting it might be due to chance. 
4" The new model for P. falciparum malaria built by usingnon-migratory population 
database was little different from the old model described before. Because of few 
cases under study, most point estimates have wider confidence intervals. Overall 
results reveal that the regression model that included the 'migrants' successfully took 
out the migration effect statistically. However, the crude rate ratios for altitude and P. 
vivax in Table 5.17 were much further from adjusted rate ratios than were those for 
the non-migrant population in Table 5.2 1. 
170 
Table 5.20. Poisson regression modelling for P. vivax malaria, socio-economic, demographic 
and behaviour variables by using non-migratory population database of the study cohort. 
No. No. Crude rate ratio Adjusted rate 
Variables POP. vivax ratio 
1,2 
Sex 
Male 10,500 97 1 1 
Female 10,408 90 0.94(0.70 1.24) 0.98(0.74 1.31) 
P=0.62 P=0.90 
Ages 
1- 6 2,652 20 1 1 
7-14 4,195 50 1.58(0.94 2.65) 1.50(0.89 2.53) 
15-30 6,050 56 1.23(0.74 2.05) 1.15(0.69 1.92) 
31-44 3,776 35 1.23(0.71 2.13) 1.10(0.64 1.91) 
>= 45 4,235 26 0.81(0.45 1.46) 0.81(0.45 1.45) 
P=0.08 P--0.13 
Ethnic groups 
Han 9,038 59 1 1 
Hani 8,129 91 1.71(l. 24 2.38) 1.11(0.76 1.61) 
Yi 2,492 16 0.98(0.57 1.71) 0.39(0.21 0.72) 
Dai 648 15 3.55(2.01 6.25) 0.94(0.43 2.04) 
Miao 463 4 1.32(0.48 3.64) 0.70(0.25 1.96) 
Zhuang 138 2 2.22(0.54 9.07) 0.75(0.17 3.25) 
P<0.001 P--O. 012 
Education 
Illiterate 12,600 97 1 1 
Elementary 7,211 77 1.39(l. 03 1.87) 1.23(0.91 1.68) 
Secondary 1,097 13 1.54(0.86 2.75) 1.42(0.79 2.56) 
P=0.06 P=0.28 
Net 
No 16,867 143 1 1 
Yes 4,041 44 1.28(0.92 1.80) 0.74(0.51 1.07) 
P=O. 14 P--0. II 
Quality of house 
Temporary hut 672 9 
Flat 10,750 85 0.59(0.30 1.17) 0.54(0.27 1.08) 
Good 9,486 93 0.73(0.37 1.45) 0.67(0.34 1.34) 
P=0.17 P=0.12 
I- I I I- 
-- 
'Adjusting for other potential confounding variables namely age, ownership of mosquito net, ethnic 
roup, altitude, paddy, forest. 
The variables in the final model were bold. 
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Table 5.2 1. Poisson regression modelling for P. vivax malaria, altitude and land use 
variables by using non-migratory population database of the study cohort 
Variables' No. No. Crude rate ratio Adjusted rate 
POP. vivax ratio 
2,3 
Altitude 
<=800 1,783 43 1 1 
-1200 5,579 62 0.46(0.31 0.68) 0.14(0.08 0.25) 
-1350 4,344 28 0.27(0.17 0.43) 0.15(0.08 0.26) 
-1500 6,140 40 0.27(0.18 0.42) 0.13(0.07 0.24) 
>1500 3,062 14 0.19(0.10 0.35) 0.06(0.03 0.14) 
P<0.001 P<0.001 
Forest 
Ist quinti e(O. 166-0.404) 4,512 66 1 1 
2 nd quinti e(O. 404-0.507) 
rd 4217 34 0.55(0.36 0.83) 1.16(0.71 1.88) quintile(O. 507-0.567) 3 
4'h quintile(O. 5 67-0.67 1) 
3: 988 27 0.46(0.30 0.72) 1.42(0.81 2.49) 
5th quintile(O. 671-1.019) 3,959 32 0.55(0.36 0.84) 2.66(1.45 4.89) 
4,232 28 0.45(0.29 0.70) 2.24(1.20 4.17) 
P<0.001 P-0.01 
Paddy 
I st quinti e(O. 148-0.279) 4,272 29 1 1 
2 nd quintile(O. 279-0.325) 
rd 3877 25 0.95(0.56 1.62) 1.17(0.68 2.02) quintile(O. 325-0.381) 3 
4 th quintile(O. 381-0.455) 
4 199 23 0.81(0.47 1.39) 1.55(0.86 2.81) 
5 th quintile(O. 455-0.732) 4sO86 43 1.55(0.97 2.48) 1.98(1.21 3.26) 
4s474 67 2.21(l. 43 3.41) 2.74(l. 72 4.36) 
P<0.001 P<0.001 
Dry crop land 
Ist quintile(O. 128-0.332) 4,299 62 1 1 
2 nd quinti e(O. 332-0.377) 
rd 4321 40 0.64(0.43 0.96) 0.69(0.46 1.05) quintile(O. 377-0.439) 3 
4 th quintile(O. 439-0.566) 
4s285 48 0.78(0.53 1.13) 0.79(0.50 1.25) 
5 th quintile(O. 566-0.735) 4s275 21 0.34(0.21 0.56) 0.54(0.30 0.96) 
3,728 16 0.30(0.17 0.52) 0.47(0.24 0.90) 
P<0.001 P=O. 10 
Others 
I st quinti e(O. 412-0.623) 3s984 31 1 1 
2 nd quinti e(O. 623-0-658) 
3 rd quintile(O. 658-0.688) 
4188 
: 
40 1.23(0.77 1.96) 0.93(0.57 1.52) 
4 th quintile(O. 688-0.718) 4 014 29 0.93(0.56 1.54) 0.77(0.46 1.30) 
5 th quintile(O. 718-1.17 1) 4sl28 29 0.90(0.54 1.50) 0.68(0.40 1.16) 
4s594 58 1.62(1.05 2.51) 0.63(0.35 1.14) 
P=0.003 P=0.42 
' Angular transformed proportion of land use variables in parentheses 
2 Adjusting for other potential confounding variables namely age, ownership of mosquito net, ethnic 
oup, altitude, paddy, forest. 
The variables in the final model were bold. 
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Table 5.22. Poisson regression modelling for P. falciparum malaria socio-economic, demographic 
and behaviour variables by using non-migratory population database of the study cohort 
No. No. Crude rate ratio Adjusted rate 
Variables POP. falcip. ratio 
1,2 
Sex 
Male 10,500 40 1 1 
Female 10,408 25 0.63(0.38 1.04) 0.70(0.42 1.15) 
P=0.07 P=O. 15 
Ages 
1- 6 2,652 11 1 1 
7-14 4,195 10 0.57(0.24 1.35) 0.50(0.21 1.18) 
15-30 6,050 25 1.00(0.49 2.02) 0.82(0.40 1.67) 
31-44 3,776 9 0.57(0.24 1.39) 0.44(0.18 1.07) 
>= 45 4,235 10 0.57(0.24 1.34) 0.60(0.25 1.41) 
P=0.29 P--0.26 
Ethnic groups 
Han 9,038 12 1 1 
Hani 8,129 20 1.85(0.91 3.79) 0.72(0.31 1.69) 
Yi 2,492 5 1.51(0.53 4.29) 0.43(0.13 1.40) 
Dai 648 22 25.57(12.66 51.67) 1.45(0.47 4.48) 
Miao 463 3 4.88(l. 38 17.29) 1.51(0.39 5.88) 
Zhuang 138 3 16.37(4.62 58.02) 1.67(0.40 6.95) 
P<0.001 P--0.34 
Education 
Illiterate 12,600 34 1 1 
Elementary 7,211 24 1.23(0.73 2.08) 0.99(0.58 1.70) 
Secondary 1,097 7 2.36(l. 05 5.33) 1.76(0.77 4.04) 
P=0.11 P=0.38 
Net 
No 16,867 33 1 1 
Yes 4,041 32 4.05(2.49 6.58) 1.10(0.62 1.97) 
P<0.001 P--O. 74 
Quality of house 
Temporary hut 672 3 
Flat 10,750 37 0.77(0.24 2.50) 0.50(0.15 1.64) 
Good 9,486 25 0.59(0.18 1.96) 0.51(0.15 1.70) 
P=0.48 P=0.51 
I. II I 
I 
I 
'Adjusting for other potential contounding variables namely age, ownership of mosquito net, ethnic 
roup, altitude, paddy, forest. 
The variables in the final model were bold 
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Table 5.23. Poisson regression modelling for P. falciparum malaria, altitude and land 
use variables by using non-migratory population database of the studv cohort 
Variables' No. No. Crude rate ratio Adjusted rate 
POP. falcip. ratio 
2,3 
Altitude 
<--800 1,783 37 1 1 
-1200 5,579 17 0.15(0.08 0.26) 0.14(0.04 0.42) 
-1350 4,344 2 0.02(0.005 0.09) 0.04(0.007 0.17) 
-1500 6,140 7 0.05(0.02 0.12) 0.10(0.033 0.32) 
>1500 3,062 2 0.03(0.008 0.13) 0.05(0.008 0.33) 
P<0.001 P<0.001 
Forest 
I st quinti e(O. 166-0.404) 4,512 43 1 1 
2 nd quinti e(O. 404-0.507) rd 4,217 8 0.20(0.09 0.42) 1.25(0.47 3.36) 3 quintile(O. 507-0.567) 
4 Ih quintile(O. 567-0.671) 
3,988 5 0.13(0.052 0.33) 1.40(0.42 4.71) 
5 th quintile(O. 671-1.019) 3,959 3 0.08(0.02 0.26) 1.38(0.29 6.57) 4,232 6 0.15(0.06 0.35) 2.64(0.67 10.33) 
P<0.001 111--0.21 
Paddy 
Ist quinti e(O. 148-0.279) 4,272 11 1 1 
2 nd quinti e(O. 279-0.325) 
rd 
3,877 8 0.80(0.32 1.99) 0.75(0.30 1.90) 
quintile(O. 325-0.381) 3 
4'h quintile(O. 381-0.455) 
4,199 2 0.18(0.04 0.83) 0.46(0.09 2.21) 
5th quintile(O. 455-0.732) 4,086 27 2.57(1.27 5.17) 1.80(0.80 4.04) 
4,474 17 1.48(0.69 3.15) 1.45(0.60 3.47) 
P<0.001 P--O. 15 
Dry crop land 
I st quintile(O. 128-0-332) 4,299 16 1 1 
2 nd quintile(O. 332-0.377) 
3 rd quintile(O. 377-0.439) 
4,321 23 1.43(0.76 2.71) 1.00(0.51 1.98) 
4 :h quintile(O. 439-0.566) 
49285 17 1.07(0.54 2.11) 0.86(0.40 1.88) 
5h quintile(O. 566-0.735) 4,275 5 0.31(0.12 0.86) 1.12(0.34 3,69) 
3,728 4 0.29(0.10 0.86) 1.38(0.35 5.43) 
P=0.003 P=0.96 
Others 
Ist quinti e(O. 412-0.623) 3,984 6 ý, 1 1 
2 nd quintile(O. 623-0.658) 
rd 4,188 8 1.27(0.44 3.66) 0.67(0.22 2.07) quintile(O. 658-0 688) 3 
4 th quintile(O. 688-0.718) 4014 3 0.50(0.12 1.98) 0.29(0.07 1.18) 
5th quintile(O. 718-1.17 1) 4,128 7, 1.13(0.38 3.35) 0.63(0.20 2.03) 
4,594 41 5.93(2.52 13.96) 0.37(0.09 1.48) 
P<0.001 P=0.43 
' Angular transformed proportion of land use variables in parentheses 
2 Adjusting for other potential confounding variables namely age, ownership of mosquito net, ethnic 
roup, altitude, paddy, forest. 
The variables in the final model were bold 
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5.5.9 Multilevel modelling of Poisson regression 
5.5.9.1 Multilevel model of Poisson regression 
As the study populations were spatially clustered within the same villages and same 
households, the risk of malaria for individuals within the same household and same 
village is likely to be similar. In other words, they were probably spatially auto- 
correlated within the same households and/or same villages. This spatial 
autocorrelation is most likely due to their sharing the same socio-economic, landscape 
and environment factors, which we can model through mathematical or statistical 
modelling of the variables we have already collected. The spatial autocorrelation 
might be also due to factors (variables) that we have not collected during the study or 
that we could not measure properly, such as quality of case detection. The spatial 
autocorrelation implies that the observations are interdependent in the same 
households and/or villages and therefore violate the principal assumption of 
independence in standard statistical approaches to analysis. Ignoring the spatial auto- 
correlation will give a falsely accurate estimate of parameters and confidence intervals 
(Goldstein, 1995). Multilevel modelling was used to correct for spatial autocorrelation 
within'the same household and village in the present study (Johnes & Duncan, 1996; 
Kreft & Leeuw, 1998). 
Three levels of approaches were used in this work. Poisson regression was used to 
model the malaria incidence rates with landscape, environmental, socio-economic and 
behaviour variables as covariates. Auk is the expected rate of malaria in the population 
i of household j in the village k. The Poisson model can be written in standard log- 
linear form: 
Po +Aijk + Vk + Ilik + EUk 
Log, (Auk) is the sum of a fixed part, Po +PXUk, and random part, Vk + lijk + C: Ijk- JO is 
the vector of parameters corresponding to the vector of covariates. Vk is a random 
effect with variance of cývrefiecting the variation between villages. tLjk is a random 
effect with variance of cý, Lrefiecting the variation'between households. The level I 
random part cijk is defined'bý a dummy'variable equal to the square root of the 
expected count and variance constrained to 1 when assuming a Poisson distribution 
(Goldstein, 1995 & Goldstein'et a'l., 'l 998). 
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The model is estimated by using the MIwiN software package (Goldstein et aL, 1998). 
The estimation procedure is iterative with first order maximum quasi-likelihood 
(Goldstein & Rasbash, 1996). Only those variables that were included in the ordinary 
Poisson regression analysis were included in the final parsimonious multilevel model. 
The antilog value of the coefficients of the multilevel Poisson regression is used to 
estimate the rate ratio (Armitage & Berry, 1987, Clayton & Hill, 1993). 
5.5.9.2 Results of multilevel modelling on P. vivar 
The results of multilevel Poisson regression modelling for the risk of P. vivax 
indigenous malaria with different socio-economic, behaviour and environmental 
variables are shown in Tables 5.24 and 5.25. The variables included in the final 
multilevel Poisson regression model are shown in the last column in the Tables 5.24 
and 5.25 as bold. The results of the final ordinary Poisson regression analysis are 
shown in the second columns of Tables 5.24 and 5.25 for comparison. As shown in 
the Tables, there were few differences in estimated rate ratios (RRs) of the variables 
except for mosquito nets, but in most cases the confidence intervals of RRs in 
multilevel model were much wider than those in ordinary Poisson regression analysis. 
The results suggest that the autocorrelation within the same household and villages 
did not play very important role in most variables, particularly for altitude and land 
use variables, in contrast to the results of multilevel modelling in the phase I study. 
The protective efficacy of mosquito nets rises from 27% in the ordinary Poisson 
regression model to 40% on removing the clustering effect in the multilevel model. 
As with the results of ordinary Poisson regression modelling, multilevel analyses also 
identified a negative correlation between the risk of P. vivax and altitude in the final 
model. The results of multilevel modelling on the effect of forest on the risk of 
P. vivax malaria showed a positive correlation between two variables. The rate ratios 
of different quintiles of forest in the multilevel modelling were roughly the same as 
the rate ratios estimated by the ordinary Poisson regression model. It also shows that 
once the relative amount of forest reached a certain threshold, no further increase 
occurred in the relative risk of vivax malaria, as discussed in section 5.5.7 of this 
Chapter. Similarly, a positive association between risk of vivax malaria and relative 
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amount of paddy was also demonstrated in the multilevel model. The more paddy 
field, the higher risk of vivax malaria in the study area. 
The results of the multilevel Poisson regression modelling for P. vivax indigenous 
malaria for all the study cohort also show significant autocorrelations within the same 
villages and same households as shown in the last row of Table 5.25. The 
autocorrelation could not be explained by the variables within the final model. The 
results imply that other characteristics (variables) within households and villages must 
determine malaria transmission or distribution within the household, which we did not 
measure and include in the final model. A further study of the residuals of household 
and village variances might help us to understand this spatial autocorrelation. The 
results of residual analysis might also help the disease control programme (Diamond 
et al., 1999). It obviously goes beyond scope of the present thesis work. 
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Table 5.24. Multilevel Poisson modelling for P. vivax indigenous malaria socio- 
economic, demographic and behaviour variables in the study cohort, Feng Chun Ling 
Variables Adjusted rate ratio' Crude rate ratio', Adjusted rate 
ratio 
3,4 
Sex 
Male 
Female 1.19(0.92 1.54) 0.98(0.76 1.26) 1.19(0.92 1.53) 
Ages 
1- 6 
7-14 1.63(0.99 2.69) 1.69(1.04 2.78) 1.60(0.97 2.61) 
15-30 1.14(0.70 1.85) 1.49(0.92 2.40) 1.20(0.74 1.94) 
31-44 0.99(0.59 1.66) 1.37(0.82 2.29) 0.98(0.59 1.64) 
>= 45 0.75(0.43 1.32) 0.85(0.49 1.47) 0.72(0.44 1.27) 
Ethnic groups 
Han I 
Hani 1.23(0.88 1.70) 1.68(1.12 2.52) 1.25(0.85 1.86) 
Yi 0.36(0.20 0.66) 0.78(0.40 1.50) 0.35(0.18 0.67) 
Dai 0.73(0.34 1.55) 1.99(0.73 5.33) 0.60(0.23 1.56) 
Miao 1.10(0.49 2.45) 2.02(0.76 5.41) 1.04(0.41 2.67) 
Zhuang 0.49(0.10 1.93) 1.44(0.21 9.99) 0.39(0.07 2.19) 
Education 
Illiterate I I I 
Elementary 1.10(0.84 1.44) 1.21(0.92 1.58) 1.03(0.79 1.36) 
Secondary 1.27(0.77 2.07) 1.38(0.79 2.41) 1.17(0.71 1.93) 
Net 
No I 
Yes 0.73(0.50 1.02) 0.75(0.50 1.14) 0.60(0.40 0.88) 
Quality of house 
Temporary hut I I 
Flat 0.63(0.34 1.14) 0.60(0.33 1.08) 0.64(0.34 1.19) 
Good 0.73(0.40 1.34) 0.63(0.34 1.16) 0.71(0.38 1.33) 
Migration 
No 
Yes 4.97(3.56 6.94) 1 4.01(3.03 5.29) 1 5.10(3.61 7.20) 
'Adjusted analysis in ordinary Poisson regression model 
2 Crude analysis in the multilevel Poisson regression model 
3 Adjusted for ages, owner of mosquito net, history of migration, ethnic group, altitude, paddy in the 
multilevel Poisson regression model 
'The variables in the final model were bold 
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Table 5.25. Multilevel Poisson regression modelling for P. vivax indigenous malaria, 
altitude and land use variables in the study cohort, Feng Chun Ling 
Adjusted rate Crude rate ratio 3 Adjusted rate 
Variables' rati02 rati04,5 
_ Altitude 
<=800 
-1200 0.06(0.03 0.13) 0.51(0.28 0.91) 0.05(0.02 0.13) 
-1350 0.08(0.04 0.16) 0.46(0.24 0.84) 0.07(0.03 0.16) 
-1500 0.04(0.02 0.10) 0.36(0.20 0.64) 0.04(0.01 0.10) 
>1500 0.01(0.007 0.06) 0.20(0.09 0.41) 0.02(0.005 0.05) 
Forest 
Ist quinti e(O. 166-0.404) 1 1 1 
2 nd quinti e(O. 404-0.507) 
rd 1.17(0.76 1.80) 0.69(0.44 1.08) 1.18(0.68 2.06) quintile(O. 507-0.567) 3 
4 th quintile(O. 567-0.671) 
I, 22(0 * 75 1.99) 0.56(0.33 0.93) 1.16(0.64 2.10) 
5 th quintile(O. 671-1.019) 2.37(1.44 3.89) 0.81(0.49 1.32) 2.63(1.42 4.87) 
2.17Q. 22 3.88) 0.47(0.27 0.81) 2.25(1.02 4.60) 
Paddy 
Ist quinti e(O. 148-0.279) 1 1 1 
2 nd quinti e(O. 279-0.325) 
rd 
1.35(0.83 2.18) 1.01(0.57 1.78) 1.17(0.66 2.09) 
3 quintile(O. 325-0 , 381) 
4 th quintile(O. 381-0 * 455) 
1.63(0.97 2.73) 0.88(0.49 1.57) 1.53(0.83 2.83) 
5th quintile(O. 455-0.732) 2.11(1.34 3.31) 1.67(0.96 2.90) 2.31(1.30 4.11) 
2.90Q. 87 4.50) 1.920.11. 3.32) 2.71Q. 53 4.76) 
Dry crop land 
I" quinti e(O. 128-0.332) 
2 ndquintile(O. 332-0.377) 
3 rd quintile(O. 377-0 439) 
0.84(0.53 1.34) 0.77(0.49 1.22) 0.88(0.55 1.40) 
4 th quintile(O. 439-0'566) 
0.85(0.46 1.58) 0.92(0.58 1.47) 1.24(0.71 2.14) 
5 th quintile(O. 566-0.735) 0.77(0.30 1.99) 0.50(0.29 0.87) 1.05(0.54 2.04) 
0.85(0.19 3.83) 0.46(0.25 0.84) 1.05(0.46 2.42) 
Others - 
Ist quinti e(O. 412-0.623) 1 1 1 
2 nd quinti e(O-623-0.658) 
rd 
1.17(0.74 1.83) 1.54(0.92 2.56) 1.23(0.73 2.01) 
quintile(O. 658-0 688) 3 
4 th quintile(O. 688-0.718) 
100(0.64 
* : 
1.57) 1.55(0.91 2.62) 1.03(0.61 1.87) 
th 5 quintile(O. 718-1-17 1) 
72(0.43 0 1.19) 1.08(0.62 1.92) 0.65(0.36 1.18) 
0.72(0.40 1.28) 1.57(0.90 2.74) 0.62(0.31 1.30) 
Random effect - Village level variance(SE) --- 0.15(0.08) 
Household level variance(SE) --- --- 0.78(0.32) individual level variance(SE) 
'Angular transformed proportion *of land use variables in parentheses' 
2 Adjusted analysis with ordinary Poisson regression 
3 Multilevel modelling controlling for spatial autocorrelation of households and villages 4MUltilevel modelling controlling spatial autocorrelation and other confounding factors, ages, owner of 
mosquito net, history of migration, ethnic groups, altitude, paddy, forest, 
5 The variables in the final model were bold 
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5.5.9.3 The results of multilevel modelling on A falciparum 
A similar method was used to analyse P. falciparum indigenous malaria with the 
landscape, environmental and socio-economic: variables. The results of multilevel 
Poisson regression modelling for the relative risk of P. falciparum on demographic 
and human behaviour variables are shown in Tables 5.26 and 5.27. The results of 
ordinary Poisson regression modelling are also shown in the second columns of the 
tables for comparison. The variables included in the final Poisson regression model 
are shown in the last column of Tables 5.26 and 5.27 as bold. The overall conclusion 
on comparing the results in the ordinary Poisson regression model with those brought 
in by the multilevel Poisson regression analysis makes very little difference except to 
the rate ratio in the Dai ethnic group where the rate ratio falls from 2.72 to 1.84 and in 
relation to the protective efficacy of mosquito nets, where the protective effect rises 
from 15% to 29% on removing the clustering effect. Migration also has a smaller but 
still very great effect as the rate ratios falls from 15.76 to 13.74, leaving no doubt 
about the importance of migration. 
Similarly, the multilevel Poisson regression modelling also identifies a negative 
association of altitude and the risk of falciparurn malaria in the final model, but the 
point estimates of rate ratio's confidence intervals are much wider in the final 
multilevel model. The results of the multilevel analysis also identified the possible 
positively correlation between forest and falciparum malaria, and paddy and 
falciparum. malaria as shown in Table 5.27, but the associations are not statistically 
significant probably due to the small number of cases in the study. 
The model also reveals a significant variance within household that could not 
explained by the final model as shown in the last row of Table 5.27. The interpretation 
for the variance is the same as in the context of A vivax malaria above. 
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Table 5.26. Multilevel Poisson regression modelling for A falciparum indigenous malaria, 
socio-economic, demographic and behaviour variables in the study cohort, Feng Chun Lin 
Variables Adjusted rate ratio' Crude rate rati02 Adjusted rate 
ratio 
3,4 
Sex 
Male I 
Female 1.03(0.68 1.57) 0.78(0.54 1.14) 1.03(0.67 1.60) 
Ages 
1- 6 
7-14 0.64(0.29 1.44) 0.66(0.32 1.37) 0.64(0.27 1.50) 
15-30 0.84(0.42 1.68) 1.25(0.69 2.27) 0.90(0.44 1.84) 
31-44 0.63(0.30 1.34) 0.99(0.51 1.91) 0.65(0.30 1.43) 
>= 45 0.50(0.22 1.17) 0.59(0.28 1.23) 0.49(0.22 1.22) 
Ethnic groups 
Han 
Hani 1.33(0.74 2.40) 1.58(0.83 2.99) 1.40(0.72 2.71) 
Yi 0.66(0.24 1.81) 0.86(0.30 2.42) 0.64(0.21 1.95) 
Dai 2.72(0.96 7.78) 6.07(l. 75 20.98) 1.84(0.48 7.05) 
Miao 1.81(0.50 6.50) 2.98(0.74 12.06) 1.73(0.38 2.06) 
Zhuang 2.00(0.98--- 8.07) 8.06(1.10 58.93) 2.26(0.34 14.40) 
Education 
Illiterate I I 
Elementary 0.89(0.57 1.37) 1.06(0.71 1.59) 0.92(0.58 1.41) 
Secondary 1.11(0.52 2.37) 1.47(0.75 2.87) 1.21(0.56 2.64) 
Net 
No 
Yes 0.85(0.51 1.43) 1.06(0.59 1.92) 0.71(0.38 1.32) 
Quality of house 
Temporary hut 
Flat 0.60(0.24 1.52) 0.69(0.28 1.67) 0.62(0.22 1.72) 
Good 0.58(0.22 1.49) 0.68(0.26 1.77) 0.63(0.22 1.83) 
Migration 
No 
Yes 15.76(8.76 28.32)" 7.95(5.52 11.45) 13.74(7.47 25.27) 
'Adjusted analysis with ordinary Poisson regression 
'Multilevel modelling controlling for spatial autocorrelation of households and villages 3MUltilevel modelling controlling spatial autocorrelation and other confounding factors, ages, owner of 
mosquito net, history of migration, ethnic groups, altitude, paddy, forest, 
'The variables in the final model were bold 
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Table 5.27. Multilevel Poisson regression modelling for Rfalciparum indigenous 
malaria, altitude and land use variables in the study cohort, Feng Chun Ling 
Variables' Adjusted rate rati02 Crude rate rati03 Adjusted rate 
ratio4,5 
Altitude 
<=800 1 
-1200 0.16(0.04 0.56) 0.22(0.10 0.50) 0.17(0.04 0.80) 
-1350 0.05(0.01 0.19) 0.07(0.02 0.21) 0.05(0.01 0.23) 
-1500 0.12(0.03 0.47) 0.17(0.08 0.38) 0.11(0.02 0.57) 
>1500 0.12(0.02 0.43) 0.20(0.08 0.52) 0.12(0.02 0.82) 
Forest 
I st quinti e(O. 166-0.404) 
2 nd quinti e(O. 404-0.507) 1.27(0.60 2.69) 0.55(0.29 1.06) 1.46(0.62 3.46) 
3 rd quintile(O. 507-0.567) 
4 :h quintile(O. 567-0.671) 
1* 34(0.58 3.10) 0.42(0.20 0.92) 1.40(0.53 3.70) 
5h quintile(O. 671-1.019) 1.03(0.41 2.60) 0.34(0.14 0.77) 1.19(0.40 3.49) 1.85(0.70 4.91) 0.27(0.11 0.66) 1.75(0.55 5.57) 
Paddy 
Ist quinti (0.148-0.279) 1 1 1 
2 nd quinti e(O. 279-0.325) 
rd 
0.79(0.38 1.68) 0.97(0.41 2.32) 0.85(0.36 1.97) 
quintile(O. 325-0.381) 3 
4 th quintile(O. 381-0.455) 
0,93(0.37 2.31) 0.60(0.23 1.59) 0.89(0.33 2.40) 
sth quintile(O. 455-0.732) 1.44(0.74 2.81) 1.45(0.58 3.62) 1.19(0.50 2.83) 1.60(0.78 3.31) 1.17(0.45 3.05) 1.55(0.66 3.59) 
Dry crop land 
Ist quinti e(O. 128-0.332) I I I 
2 nd quintile(O. 332-0.377) 
rd 1.14(0.52 2.51) 0.99(0.47 2.13) 0.90(0.43 1.91) quintile(O. 377-0.439) 3 
4 th quintile(O. 439-0.566) 
0.93(0.33 2.64) 0.99(0.44 2.26) 0.96(0.40 2.34) 
5 th quintile(O. 566-0.735) 1.12(0.24 5.18) 0.69(0.27 1.75) 1.01(0.35 2.95) 
1.60(0.16 16.18) 0.99(0.36 2.68) 1.29(0.37 4.42) 
Others 
I st quinti (0.412-0.623) 
2 nd quinti e(O. 623-0.658) 
rd 0.61(0.26 1.38) 0.77(0.32 1.85) 0.66(0.27 1.61) quintile(O. 658-0.688) 3 
4 th quintile(O. 688-0.718) 
0* 45(0.19 1.03) 0.79(0.32 1.96) 0.50(0.20 1.25) 
5 th quintile(O. 718-1.17 1) 0.59(0.25 1.37) 1.06(0.44 2.53) 0.59(0.22 1.55) 
0.78(0.31 1.97) 2.84(l. 27 6.34) 0.81(0.28 2.38) 
Random effect 
Village level variance(SE) --- --- 0.37(0.22) Household level variance(SE) 
Individual level variance(SE) 
--- 2.85(0. 85) 
'Angular transformed proportion of land use variables in parentheses 
2 Adjusted analysis with ordinary Poisson regression 
3 Multilevel modelling controlling for spatial autocorrelation of households and villages 4MUltilevel modelling controlling spatial autocorrelation and other confounding factors, ages, owner of 
mosquito net, history of migration, ethnic groups, altitude, paddy, forest, 
5 The variables in the final model were bold 
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5.6 Discussion 
5.6.1 Overview of results 
The prospective follow-up study was carried out in Feng Chun Ling Township, Yuanyang 
County, Yunnan from May 1998 to December1998. Only local permanent residents were 
included in the study. Overall 96.9% of the population in the study area were recruited into 
the study cohort. 24,280 people in 5,007 households in 85 village were followed-up for 7 
months. Weekly active household to household surveillance was carried out to take blood 
slides from whoever had had a febrile episode in the past week, to detect malaria parasites. 
All village and town doctors who practised medicine in Feng Chun Ling formed a passive 
surveillance system to take blood slides from all who consulted them with a febrile episode 
during the study period. A total of 5,360 slides were collected during the study period, of 
which 663 slides were malaria positive. Recurrences and non-indigenous cases were excluded 
from the analysis. Consequently, 16 recurrent cases and 315 non-indigenous cases were 
excluded. Of the 334 indigenous cases, 240 cases were due to P. vivax infection. 92 cases 
were due to P. falciparum, and 2 cases were mixed infection of both P. vivax and P. 
falciparum. The overall risk of P. vivax was 17.81 per 1,000 person years at risk and of P. 
falciparum 6.92 per 1,000 person years at risk in the study area. 
The geographical positions of all households were detected by GPS in the study area during 
the study. The co-ordinates of all households were input into GIS software ArcView and 
linked with other demographic and socio-economic characteristics of the study population as 
well as malaria data with a common code number. A SPOT 4 image was classified into 4 
categories of land use types, paddy, forest, dry cropland and "others" miscellaneous land use 
types. Overall accuracy of satellite image classification is 84.2%. By overlaying household 
position coverage with the new land use map derived from the SPOT 4 image in GIS, the 
land use pattern of all households was calculated. The mean altitudes of all households were 
obtained by overlaying the household position file with the DEM of the study area derived 
from topographical and terrain maps in GIS. 
We, tabulated P. vivax and P. falciparum indigenous malaria for, different categories of 
demographic and socio-economic variables, and environmental variables to appraise the 
general trend of malaria in relation to them. The risks of malaria associated with the different 
categories of variables were further quantified by Poisson regression modelling. The results 
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indicate that the risk of malaria for males and females was roughly the same. P. vivax and P. 
falciparum affect all age groups, but the pre-school, school age children and young adults 
were at the highest risk of malaria infection. There were very large variations in the risk of 
malaria in different ethnic groups, but after controlling for potential confounding variables in 
the final model, most of them are not statistically significant, suggesting the variations in the 
risk of malaria are due to other confounding factors. Education makes little difference to the 
risk of either P. vivax or P. falciparum infection in the present study. There is an inverse 
relation between house quality and risk of Rvivax and P. falciparum malaria, but it does not 
attain statistical significance. Mosquito nets are protective against malaria. The protective 
efficacy for P. vivax is 27% and P. falciparum 15% in the ordinary Poisson regression 
modelling, but it is not statistically significant for P. falciparum malaria. 
The results of ordinary Poisson regression modelling also revealed that malaria is negatively 
correlated with the altitude, but positively correlated with the amount of paddy and forest for 
P. vivax malaria. For P. falciparum, the same relationships were seen but they did not attain 
statistical significance for the amount of paddy and forest probably due to the small number 
of cases under study. 
Further Poisson regression models for both P. vivax and P. falciparum were built by using the 
non-migratory population only in the study cohort in hope of removing migration "noise" 
from the model building. The overall conclusion on comparing the results in the overall 
database with those using the non-migratory population database was that it makes very little 
difference except that the negative correlation between altitude was weaker in the non- 
migratory population database. The new model for P. vivax suggests that the possibility of 
malaria transmission over 1,500 metres is very small. 
Further analysis was carried out to correct the spatial autocorrelation of indigenous malaria 
by multilevel modelling of the Poisson regression. The results of multilevel modelling are 
very similar in the general trend of association of the risk of indigenous malaria and its 
demographic, socio-economic and environmental indicators. 
'The parameters estimated 
by 
multilevel modelling, however, are more conservative, and the confidence intervals of the 
parameters are much wider as compared with ordinary Poisson regression in most cases. 
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The results of multilevel Poisson regression modelling for the risk of P. vivax indigenous 
malaria showed that there were few differences in estimated RRs of the variables, but in most 
cases the confidence intervals of RRs in the multilevel model were much wider than those of 
ordinary Poisson regression analysis. The protective efficacy of mosquito nets rise from 27% 
in ordinary Poisson regression model to 40% on adjusting for the clustering effect in 
multilevel model. There was a strong negative association between P. vivax malaria and 
altitudes. The significant positive association between P. vivax malaria and paddy, forest was 
also identified in the multilevel Poisson regression model. 
Similarly, for P. falciparum, the overall conclusion on comparing the results in the ordinary 
Poisson regression model with those bringing in the multilevel Poisson regression modelling 
makes very little difference except to the rate ratio in the Dai ethnic group where the rate 
ratio falls from 2.71 to 1.84, and in relation to the protective efficacy of mosquito nets, where 
its value rises from 15% to 29% on removing the clustering effect. A negative association 
between risk of P. falciparum malaria and altitude was also identified in the multilevel 
model. Although there are general trends of the more paddy and more forest, the higher risk 
of P. falciparum malaria, they are not statistically significant, probably due to the small 
number of cases under study. 
A crude analysis comparing the risk of malaria among people with a history of temporary 
migration with those without any history of migration was also carried out. The overall risks 
for the migratory population and non-migratory population were 118.6 and 12.1 per 100 
persons over 7 month study period, implying that the temporary migratory population had 
around a 10-fold risk greater than that of the non-migratory population during the study 
period. 
5.6.2 Strengths and constrains of study design, data collection and analysis 
5.6.2.1 Prospective cohort study 
This study is a prospective cohort study. It was designed to avoid methodological flaws such 
as lacking the accurate spatial distribution of the exposed population and the malaria cases, 
confounding variable collection, and being aware of the "ecological fallacy" at the stage of 
analysis. In essence the study was designed to minimise. bias wherever possible. The 
advantage of the cohort study over other observational studies such as a casc-control study is 
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that incidence rates for different categories of exposure could be calculated. Therefore, one 
could calculate the relative risk of malaria over different categories of determinants. The 
malaria incidences occurred after the exposures had been identified, therefore the socio- 
economic and behaviour determinants of malaria were not subject to bias by diagnosis. 
Information on potential confounding variables was collected and the variables can be used to 
adjust the model to fit the data. Individual exposure and risk of malaria were identified 
through proper malaria surveillance systems, and the analysis done at each individual level, 
hence the "ecological fallacy" was avoided by contrast with limitations of the phase I study. 
5.6.2.2 Compliance 
3.1% of the population in the study area didn& participant in the study. In theory, if the non- 
compliant population was exposed to high-risk variables, they might have had more malaria. 
This would result in underestimating the risk in the whole population. Consequently, it might 
affect the generalisation of the study results, but would not affect the validity of the study. 
Relatively fewer females than males failed to enrol in the present study for reasons of non- 
availability or unwillingness to participate. But the relative number is small, therefore, the 
non-compliance of small proportion of woman might not affect the validity of the study 
conclusion. 
5.6.2.3 Loss to follow-up 
The loss to follow up is one of the major limitations of the prospective cohort study. 
Although we can make proper adjustment for the denominator, the difficulty raised by 
persons lost to follow-up is that the probability of the loss may be related to the exposure 
category and the outcome being measured, or both. To limit the loss to the follow-up, only 
the permanent residents who currently lived in the village were included in the study. People, 
who were permanent residents but did not live in the indigenous village during study period, 
were also excluded from the study. Non-permanent residents were highly mobile. Hence it 
would be difficult to follow them up. Beside the non-permanent residents are mostly from 
non-malarious or lower malaria endemic areas with little immunity to malaria; but they 
usually lived at a lower altitude in the valley to plant banana and other tropical fruits at the 
highest malaria risk. They also had a different socio-economic background. It is not feasible 
to study temporary residents. Internal migrants were studied at their main villages of 
residence. 
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5.6.2.4 Choice of outcome 
Malaria morbidity and mortality are recommended as appropriate outcome measures for 
malaria epidemiological surveys (Russell et aL, 1963; Gilles & Warrell, 1993). Death due to 
malaria is very rare in East and Southeast Asia, particularly in South China and therefore 
attempts to measure the effect of environmental factors on mortality would necessarily 
involved a huge population in a very large area and would consequently be prohibitively 
expensive. Assessment of the classic symptoms of malaria might also be used. This classical 
picture is, however, altered by many other factors such as acquisition of immunity or use of 
prophylactic drugs. Therefore, it is a very imprecise means to estimate the environmental 
effect on the risk of malaria. Serology might be useful to assess the degree of endemicity, 
especially in areas of malaria endemicity such as present study area (Gilles & Warrell, 1993). 
The cumulative of seropositivity over accumulated infection makes it especially difficult to 
link serum positive samples with clinical episodes of malaria. The malaria incidence rate has 
been central in evaluating the malaria situation and in planning for control of the diseases in 
China as well as other area in the Southeast Asia and Pacific Region (Tang et d, 1991; 
Sharma & Kondrashin, 1991). Thus, the selection of this measure was relevant to the control 
practice in the region and the result should enable some degree of generalisation to other 
similar areas in the region. Also it is the variable supposedly reported routinely in the data 
used in phase 1. Consequently, malaria' morbidity alone was chosen to assess the effect of 
environmental factors on the risk of malaria in the present study. 
5.6.2.5 Definition of malaria 
The malaria transmission was considerably lower in the study area as compared with that 
seen in the highly endemic areas such as Africa. The overall incidence of malaria is 47.75 per 
thousand persons per year at risk in the study area in the main transmission season. Malaria is 
unstable and the general population shows a lack of immunity in the study area as in many 
other areas of Southeast Asia. While symptoms of malaria may begin before parasiternia is 
microscopically detectable, the presence of parasitemia, even at a very low level, usually 
implies clinical malaria in this region (WHO, 1988) and most cases with malaria infection are 
likely to experience fever. 
_Since 
there are no clinical parameters which alone would permit a 
reliable diagnosis of malaria, light microscopic detection of malaria parasite appears to be the 
most reliable method for diagnosis of malaria as a cause of illness (WHO, 1988). Therefore, 
fever with malaria parasitemia was used as'a feasible and sensitive definition of malaria in 
the study. 
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Nevertheless, the transmission of malaria is not uniform throughout the study area. The 
transmission in the lower altitude areas is much higher than that at the top of the mountains. 
Therefore, the population at the bottom of mountains might obtain more immunity to the 
parasites leading to a higher threshold of malaria parasitaemia before onset of fever in the 
lower altitude areas. Therefore, the present malaria definition might not completely reflect the 
level of transmission but risk of clinical malaria cases. 
5.6.2.6 Incubation period 
In malariology, the incubation period of malaria is related to the prepatent period. The 
prepatent period is the minimal time elapsing between the initial sporozoite injection and the 
first appearance of parasites in the erythrocytes (Gilles & Warrell, 1993). The incubation 
period is the time elapsing between the initial malaria infection in the human being and the 
first clinical manifestation (WHO, 1963). The latter is usually at least 2 days longer than the 
prepatent period. The incubation period is dependent on the type of infection, the strain of 
parasite, the number of sporozoites injected, immune status of the host and route of infections 
(Harinasuta & Bunnag, 1988; Glynn, 1994; Glynn & Bradley, 1995a; Glynn & Bradley, 
1995b). The shortest incubation periods of P. falciparum and P-vivax are 7 and 9 days 
(Coatney et al, 1950; 1971; Garnham 1980). In general it tends to be in the range of 9-30 
days (Harinasuta & Bunnag, 1988), but mostly about 14-15 days (Gilles & Warrell, 1993). 
For P. vivax it is extremely varied and can be more than 300 days (Garnham, 1980). 
Knowledge of the prepatent period and incubation period of malaria in the present study 
helps us to set the criteria for identifying a, case as being indigenous or imported one. The 
definition of a non-indigenous malaria case is someone who, in the past month had a history 
of staying in a high malaria risk area (the low altitude areas) 7 days prior to the current febrile 
episode in the present study. Nevertheless, we were not aware of the complexity of the 
problems of temporary migration in the study area at the stage of the study design. We made 
the criteria during the fieldwork., The criteria were not strict in terms of classifying the 
sources of infection and might misclassify some malaria cases with a long incubation period 
(more than one month) into indigenous malaria cases. It was also sensitive to patient 'recalls' 
error of the date of their visiting the lower altitude areas, which might also lead us to 
misclassify some imported malaria'cases as indigenous cases as discussed in section 5.5.6 of 
this Chapter. Completely deleting the temporarily migratory population from analysis might 
help to remove the definition error, but it would have danger of eliminating some indigenous 
cases and create a selection bias for the study. The temporary migrants had some different 
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characteristics as compared with the general population. Nevertheless, we did carry out the 
analyses with the database eliminating the migratory population by using ordinary Poisson 
regression model as shown in Tables 5.24,5.25,5.26 and 5.27. 
5.6.2.7 Case detection 
The field workers visited all individuals weekly in the study cohort to take blood slides from 
those who had a febrile episode in the past 7 days. The weekly active malaria surveillance 
system might be subject to loss of some malaria cases in the present study. Snow et al., 
(1989) found in7he Gambia that weekly surveillance detected 74% cases (as compared with 
daily surveillance on the assumption that 100% were detected on a daily basis, and 25% by 
the monthly surveillance. Therefore, Snow and colleagues recommended that, where the 
prevalence of malaria is similar to that inThe Gambia, weekly surveillance is the most cost- 
effective method to detect malaria. Both active and passive surveillance systems were set up 
simultaneously in the study. So if febrile patients saw their doctors (part of possive 
surveillance system), the doctors would take a blood slide for malaria parasite examination 
and report it even though the patient was missed by the active surveillance system. The 
relatively inconvenient transportation made it very unlikely that patients would see doctors 
outside the study area. Therefore, the possibility of loss of detection of malaria cases was 
very small, unless they were completely asymptomatic (as outside our case definition). 
5.6.2.8 Data analysis 
The statistical analysis of data derived from geographical information systems and remote 
sensing were complicated by spatial autocorrelation. In the case of malaria, the risk of 
malaria in the same villages and household tends to be similar due to people infecting each 
other or because of other variables that we didnOt or couldnOt measure. There are several ways 
to correct the spatial autocorrelation. Most geostatisticians will use kriging (Kitanidis, 1997). 
But kriging can only model one variable with distance as a covariate between the points. Co- 
kriging allows for modelling more variables (Burrough & McDonnell, 1998). It would be 
very unstable for modelling more variables simultaneously (Jennifer L. Dungan, personnel 
communication). Malaria is a multi-factor disease. Therefore, multilevel modelling was used 
to correct for the spatial autocorrelation within the same household and villages in the present 
study (Johnes & Duncan, 1996; Kreft & Leeuw, 1998) 
189 
5.6.3 Biases 
5.6.3.1 GPS errors 
It is well known that a single hand receiver of Global Positioning Systems (GPS) is subjected 
to error. The largest component of the error, selective availability (SA) is an intentional error 
component added for security purposes at each satellite by the US military up till May of 
2000. Apart from SA, the computations of GPS position co-ordinates are subject to error 
from several other uncontrolled factors: clock errors, atmospheric conditions, GPS receiver 
noise and the reflectance of satellite signals. The distorted position error ranges from 30 to 
100 metres with a single hand GPS receiver (Letham, 1996). To correct the errors, one might 
use differential global positioning system (DGPS) as described by Hightower et al. (1998) 
which generally reduces the total error budget to 1-5 metrcs. The DGPS needs two GPS units 
simultaneously reading from the same set of satellites (one GPS receiver being located at a 
known geographical co-ordinate point or base and the other being around the field). Then 
computer software can be used to correct the error and work out accurate geographical 
positions. The present study area is located in a mountainous area where it is very difficult to 
identify a known co-ordinate point. Even if a known co-ordinate point could be identified, it 
would be very difficult to track the same set of satellites for the base point and the locations 
of the households around the mountainous areas. Therefore, only two single hand GPS 
receivers were used to detect the geographical position with latitude and longitude co- 
ordinates in the present study. There is a 30-100 mctres household position uncertainty. The 
error may make the environmental variables of the households in the study area appear more 
similar. Nevertheless, logistic reasons (the cost of DGPS) did not allow us to use DGPS to 
obtain more accurate household position data. In present study, we used a 5-minutc mean co- 
ordinate to represent a household position, which might further decrease this uncertainty 
(Thomas & Lindsay, 2000). It should be noted, that the GPS error has no effect on the 
detection of malaria cases in the study area. Consequently, the effect of the error results in 
diluting the association between the risk of malaria and their landscape and environmental 
indicators rather than the direction of this association. 
190 
5.6.3.2 Selection bias 
Selection of study subjects was made on the basis of set of inclusion and exclusion criteria. 
Local permanent residents were included in the present study. Temporary populations 
residing in low valley in the low altitude areas but not permanent resident in the township, 
who were at great risk of malaria due to relatively lack of immunity, were not included in the 
study population. Consequently, it would underestimate the total number of cases in the 
lower altitude areas. Although this underestimates malaria risk, the uncertainty is where the 
mobile population contracted malaria and other sources of error. Since this temporary 
population was very mobile, it was very difficult to follow them to get accurate malaria data 
in the field. To obtain valid results, only local residents were included in the study. The 
underestimation of malaria risk in the lower altitude area might only dilute the association 
between altitude and the risk of malaria, it would not affect the direction of the association. 
5.6.3.3. Information Bias 
Information bias might be introduced during the follow-up study. Fieldworkers might work 
harder to collect blood slides in the higher risk villages such as low altitude areas. Laboratory 
technicians might spend more time reading slides that came from the higher risk area or the 
slides who were suspected to be malaria parasite positive. Strict guidance was given to 
fieldworkers on how to do surveillance during the follow-up study. Besides, field supervisors, 
the field co-ordinator and PI randomly visited the fieldworkers and checkcd their work to 
ensure proper surveillance had been done in their target villages based on the field 
regulations. All slides were coded before they were read. Laboratory technicians were 
blinded as to where the slides came from. Furthermore, all positive blood slides and 10% of 
negative blood slides were re-examined to ensure the quality of blood slide examination. 
Therefore, information bias due to collection of blood slides and parasite identification by 
reading the blood slides would be kept to a minimum. 
In summary, the phase 11 study has indicated that the landscape and environmental, and some 
socio-economic and behaviour variables are important deten-ninants of malaria spatial 
distribution in the study area. Although some biases existed, they only diluted the association 
of the determinants and the risk of malaria. They would not affect the direction of 
association. The phase II study has proved the following original hypotheses: (1) the 
population living at a lower altitude has a higher risk of malaria than those in higher altitude 
areas. (2) people living in areas with more rice fields have a higher risk of infection with 
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malaria; (3) people living near to or in forest areas around their households tend to have 
higher risk of P. vivax and P. falciparum infection. The phase II study rejects another of the 
original hypotheses; that residence in dry crop field areas is protective. It has also uncovered 
the importance of internal migratory behaviour as a risk factor. 
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Chapter 6 
General discussion and conclusions 
Geographical information systems, integrated with remote sensing, other data sources, 
malaria routine surveillance data and a cohort study data set were used to map and quantify 
landscape and environmental features related to malaria spatial distribution in the Red River 
basin Yuanyang County, Yunnan, China in general, in Feng Chun Ling Township in 
particular. The attempts of this study were to identify the environmental, socio-economic and 
human behaviour indicators of malaria, quantify the effect of landscape and environmental 
variables in space on the risk of malaria, and provide reliable spatial prediction of malaria 
distribution and outbreaks in the Red River basin area, Yunnan. Here are the general 
discussion and conclusions on the most pertinent findings in phase I and phase 11 studies 
6.1 The overall strengths and constrains of_the strategy of study 
The original intention of the study (phase I) was to compare the various potential landscape 
and environmental determinants with ground surveillance data based on routinely reported 
clinical malaria data. This proved to have limitations such as the variable quality of reported 
malaria incidence as discussed in Chapter 4. It was: therefore decided to undertake a field 
survey of one township in the study county, with a population of 24,000 and a relatively high 
malaria incidence (phase II). A larger population would have been preferable in the phase II 
study, but that study was at the, absolute upper limit of what was logistically and financially 
feasible. 
Ideally, the spatial predictive model developed in the phase II study should be tested by other 
field surveys, which should be located in the different places representative of the landscape 
and land use of much of the Red River basin area. If consistent results between the sites were 
obtained, we could extrapolate the spatial predictive model from the phase 2 study to the 
whole Red River basin area, and map malaria risk in the Red River basin area based on the 
model. Logistic reasons and time constraints made it impossible to select other sites to test 
the model in the present work. Nevertheless, the study area for phase II study was chosen to 
make it relatively repre ' 
sentative of 
' 
the rest of the Red River basin area, and the study was 
designed in such a way as to eliminate as many sources of bias as possible, as discussed in 
section 5.6 in Chapter 5. The results were consistent between the phase I and the phase 2 
studies regarding the landscape'and environmental determinants of malaria spatial 
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distribution. The biologically plausible landscape and land use determinants in the terms of 
malaria biology and mosquito ecology strengthen our confidence that the spatial predictive 
model is unlikely to be biased. 
Several attempts to use GIS and high resolution remote sensing data to study malaria and 
other vector borne diseases have appeared in recent years. Most studies focused on 
identifying vector abundance and densities (Wood et al., 1991; Beck et al., 1994, Reborts et 
al., 1996; Beck et al., 1997, Dister et al., 1997; Rejmankova et al., 1998; Lothrop & Reisen., 
1999; Moncayo et al., 2000). Most of the studies, however, were on a small scale. Only a 
few studies were validated by repeated studies in the same area (Wood et al., 199 1; Wood et 
al., 1992) or tested in different places of the same region (Beck et al., 1994; Beck et al., 
1997). Recent studies have concentrated more on using GIS and low resolution remote 
sensing data to identify the risk areas for diseases spatially and temporarily (Hay et al., 1998; 
Thomson et al., 1999; Snow et al., 1999; LAz et al., 2000). The difficulty of using GIS and 
remote sensing to study malaria and other vector bome diseases is the multi-determinant 
nature of malaria and other vector-borne disease actiology. The vector presence and suitable 
temperatures are only two of several criteria that result in malaria and vector bome disease 
endemic or epidemic occurrence (Gilles & Warrell, 1993; Molineaux, 1988). The relationship 
between mosquito abundance and malaria transmission varies with vector species and human 
behaviour. For instance, a study in The Gambia'showed a negative correlation between the 
abundance of mosquitoes and prev ; a[ence of malaria due to wide spread use of mosquito nets 
in the high risk mosquito biting area (Thomson et al., 1994). Similar studies conducted in two 
areas in Burkina Faso by Robert and colleagues (1985; 1988) found mosquito density in a 
rice field area was 4 fold higher than that observed in the Savanna, but the inoculation rate 
was 5-times lower than in the Savanna. They interpreted that as due to widely used mosquito 
nets in the rice area, a lower survival rate of An. gambiae'in the rice fields and zoophilic 
deviation of the parous females_ 01f An'-_. gambiae in'the rice areas (Robert, 1989). Most 
previous studies, however, used the abundance of mosquitoes as the surrogate for the risk of 
malaria and vector bome diseases (Beck et al., 1994; Dister et al., 1997; Moncayo et aL, 
2000). But, using GIS and remote sensing to study malaria only on the basis of mosquito 
abundance has a number of limitations as'discussed. A more accurate spatial predictive model 
should incorporate landscape and environmental variables with socio-economic and human 
behaviour data that have great effect on the, occurrence of the diseases. Toýauthor's 
knowledge, the present study is one of the first larger scale studies to use GIS and high 
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gambiae in the rice fields and zoophilic 
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resolution remotely sensed data to study malaria local variation and to directly link malaria 
and its landscape and land use determinants and human behaviour factors. A spatial 
prediction model of malaria risk was developed accordingly. 
6.2. Findings from phase I and phase 11 studies 
6.2.1 The effect of altitude on the risk of malaria 
The effect of altitude on malaria has been discussed in Chapters 4 and 5. The ecological 
analysis in the phase I study indicated a negative correlation between the mean altitude and 
the relative risk of malaria for both P. vivax and P. falciparum. People living in the 
administrative villages with an altitude over 1,000 metres had less than 13% of the risk of P. 
vivax malaria infection than those who lived in the villages with mean altitude under 1,000 
metres in the multilevel logistic regression analysis. For P. falciparum, the statistical results 
showed a similar negative association between the two variables, but the association was not 
as obvious as that between P. vivax and altitude. Those might be due to several reasons. ,- 
first of all, the number of P. falciparum malaria cases was very small in the county during the 
study period, therefore the results of the analysis would be very unstable. There would be 
even more difficulty in multilevel modelling analysis as shown in Chapter 4. Secondly, 
migration would seriously bias the results of the analysis, particularly for P. falciparum. 
People living at the middle and top of mountains went to lower altitude areas to work, and 
they might be infected with P. falciparum during their work in the lower altitude areas. 
Although we intended to filter away non-indigenous cases by strict criteria of case inclusion 
and excluded most cases liable to be due to migration, mobile population, non-pcrmancnt 
residents and populations in the towns from study, there was still the possibility of 
misclassification of the sourcesl of infection among the study population. The 
misclassification would result in a falsely high risk of malaria in the high altitude areas. 
Subsequently, it diluted the association between the risk of falciparum malaria and altitude as 
shown-in Table 4.13 in Chapter, 4. Nevertheless, less decisive conclusions could be drawn in 
the phase I study due to the problems of reporting variation in different villages and 
townships, the "ecological fallacy", and unavailability, of potentially confounding factors for 
correction of the models, as discussed in Chapter 4. 
The prospective cohort study in the phase 11 study was carried out in a relatively small area of 
Yuangyang in Feng Chun Ling Township to further quantify the effect of altitude on the risk 
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of malaria as described in Chapter 5. Both ordinary Possion regression and multilevel Poisson 
regression was used to model the association between the indigenous malaria and attitude. 
There is little difference in estimated parameters (RRS) between the two models. The results 
of the analysis shows the effect of altitude on the risk of malaria was consistent with that in 
the phase I study. But the association between risk of malaria and altitude is much stronger 
for both P. vivax and P. falciparum malaria infection in the prospective cohort study than in 
the ecological analysis in the phase I study, as shown in Tables 5.25 and 5.27. Nevertheless, 
possible error might enter the models described above due to improper indigenous malaria 
case definition as discussed in Chapter 5. A further analysis by using all the non-migratory 
population database was carried out (Tables 5.21,5.22,5.23 and 5.25). The results of the 
analysis showed that people living in the areas with altitude above 800 metres had only less 
than 0.15 time risk of malaria as compared with population living below 800 metres. The 
possibility of malaria transmission was very small in the areas with altitude over 1,500 
metres. Modelling with the non-migratory population database alone might bias in terms of 
representation of the study cohort, but it would not involve bias in terms of modelling the 
enviromnent. 
The phase 2 study used the potential confounding variables, such as demographic, socio- 
economic variables and human behaviour data, to adjust the model in the analysis. The 
possible biases were controlled at the stage of study design and field operation. The results of 
multilevel Poisson regression analysis not only corrected the potential confounding effects, 
but also the spatial autocorrelation of malaria within the same households and same villages. 
Hence, the results of the phase 2 study were more reliable. 
The negative correlation of altitude and malaria was noted centuries ago (Hirsch, 1883). 
Hirsch stated that extent and severity of malaria diseases diminish in proportion as we ascend 
above the sea level in America., The protection afforded by attitude was described by many 
traditional textbooks on malaria (MacDonald, 1957; Russell, 1963). Dutta and Dutt (1978) 
have reviewed the historical data on association of altitude and the risk of malaria in different 
places in the world. They concluded different species of mosquitoes have different ranges of 
altitude limits. In general, on and near the equator, because the sun's rays are more direct, a 
higher altitude is susceptible to malaria as compared with temperate regions. 
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The effect of altitude on the risk of malaria was noted by the first epidemiological study in 
Yunnan by Yao and his colleagues (Ling et al., 1936). They observed that malaria infection 
was practically limited to small isolated plains bounded by high mountains, places where 
water collects and malaria mosquitoes breed, and the top of the mountains was usually free 
from the infection. The association between malaria and altitude in Yunnan was further 
assessed by many other researchers (Roberston, 1940; Williams, 1941; Wang et al., 1957 & 
Zhang, 1990). All the studies showed a consistent result, the higher altitude and the lower 
endemicity of malaria. But most previous studies were descriptive studies with crude 
analyses, and subjected to the number of biases such as "ecological fallacy" and the 
probability of confounding effects of other variables as described in the phase I study in this 
work. 
The effect of altitude on malaria may be mainly due to temperature (Molineaux, 1988), which 
critically affects both the breeding cycles of mosquitoes and the duration of the sporogonic 
cycle after they are infected with malaria parasites (MacDonald, 1957). Over a certain range 
of temperature, high temperature speeds up mosquito development, and decreases the time 
interval between blood meals, thereafter leading to more frequent, mosquito-man contact, and 
shortening the duration of sporogony (Molineaux, 1988). The altitude is highly correlated 
with temperature in Yunarm as discussed in Chapter 2. Therefore, altitude can be used as the 
surrogate of temperature as an important spatial predictor of malaria transmission. Based on 
the results of present study, Malaria might be stratified into 4 strata in the study area, under 
800 metres, highly endemic area, 801-1,200 metres middle endemic area and 1,201-1,500 
metres low endemic area. The probability of malaria infection above 1,500 metres is vcry 
small as shown in Tables 5.21 and 5.23. ý--, .. ': .ý 
6.2.2 The effect of paddy on the risk of malaria , 
The effect of paddy on the risk of P. 'vivax and P. falciparum was also analysed in the phase I 
and phase II studies. The results in the phase I showed a clear positive correlation between 
the risk of P. vivax and - the, amount of paddy, in the administrative village; also for P. 
falciparum. The associations between malaria for both P. vivax and P. falciparum infection 
and paddy in the administrative village remained the same in the final multilevel model as 
shown in Table 4.12 and Table 4.13. Nevertheless, the assessment of the effect of paddy on 
the risk of malaria might be subject to a number of biases in the phase I study. The biases 
might be due to the nature of routine malaria data set (under reporting), outdated land use 
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map, "ecological fallacy" in the analysis, and the unavailability of socio-economic and 
demographic variables for correction of the model etc as discussed in Chapter 4. Therefore 
firm conclusions can be drawn only after the biases are excluded in the model. 
The phase II cohort study was designed and implemented to maximally eliminate biases we 
can identify. The results of the analyses were consistent with those in the phase I study. 
Paddy was positively correlated with P. vivax malaria infection in the Feng Chun Ling in the 
final ordinary and multilevel Poisson regression models. A similar trend was identified for 
the association between P. falciparum malaria and paddy in the study area, although it was 
not statistically significant, probably due to the relatively small number of falciparum malaria 
cases occurring in the study area. The consistent results of the two phases provide strong 
evidence that paddy would progressively increase the risk of P. vivax and P. falciparum 
malaria in the Red River basin area. 
The association between paddy and malaria has been known for centuries. The term 'rice 
malaria' was coined in the 1930s to describe the association of rice cultivation in Europe with 
malaria (Service, 1989). It was believed that extension of rice fields had led to malaria 
outbreaks in America in thel7th century and the subsequent decline of malaria was cited as 
linked to the decline of rice cultivation (Boyd, 1941; Kitron, 1987). NaJera (1988), Service 
(1989) and Lacey & Lacey (1990) extensively reviewed the history of the association of rice 
and malaria and their mechanisms. In summary, rice fields are usually flooded for long 
periods, and they provide ideal breeding places for mosquitoes adapted to breeding in the rice 
field. Lindsay et al. (1995) found that individual children's exposure to bites of An. gambiae 
was associated with living adjacent to rice fields in a Gambian village, apart from other 
characteristics of their houses. Samarsinghe (1986) reported up to a 5-fold increase in malaria 
and 10-fold increase in P. falciparum cases from 1982 to 1985 in a newly irrigated rice 
cultivation area in Sri Lanka. In Indonesia, more than 80% of malaria cases were reported 
from the rice growing areas of Banjarnegara, Wonosobo and Purbolinggo where An. aconituy 
and An. barbirostrislare the, major vectors of malaria (Bang, 1987). In China, a strong 
correlation has been reported between the level of malaria morbidity and the amount of rice 
cultivation, where An. sinensis is a major malaria vector in the Yellow River basin and the 
Huihe River basin areas (Zhou, 1981; Liu et al., 1995; Zhou, 1990). The recent decline of 
malaria in the Yellow River basin area is partly due to the decline of rice cultivation, apart 
from strong control measures (Shang & Hou, 1992). 
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There are, however, a few exceptions; for instance a statewise correlation analysis between 
malaria data (API) and rice cultivation from 1963 to 1983 showed no strong correlation 
between the two variables in India (Sharma et aL, 1994). In the Yagoua area in Cameroon 
despite rice cultivation, malaria has significantly decreased (Service, 1989). The 
improvements in living standards, greater use of mosquito nets and increased use of 
antimalarial drugs and insecticide were among the reasons for this. Nevcrtheless, most of the 
instances are ecological studies and only a very simple model with a single variable was in 
use for the analyses from which it would be vezy difficult to eliminate other biases due to the 
"ecological fallacy" and other confounding effects such as the use of mosquito nets, 
accessibility of antimalarial drugs and ongoing control progranunes. 
An. minimus and An. sinensis are the major vectors of malaria in the study area, Yunnan. The 
breeding sites of An. sinensis are basically in rice fields in Yunnan as in most areas in China 
(Zhou, 198 1; Tang et al., 1990). The breeding sites of An. minimus in Yunnan in general are 
in slow running water such as streams and in clear water bodies at the edge of forest in 
Yunnan (Zhou, 1991; Dong, 1993). Habitats also include in some places, terraced type paddy 
fields, seepage from springs, and small water reservoirs with clear water in the Southwest 
part of the province (Dong, 1991). Dong (1993) summarised the results of nine studies in 
Yunnan and concluded that around 20% of An. minimus are breeding in rice fields in the 
Southwest of Yunnan province, mostly in terrace paddy. The terrace paddy or terraced rice 
fields are a unique feature of rice growing in Yunnan. The terrace paddy is distributed around 
mountain side. It is irrigated by natural spring water, so the water in the terrace paddy is very 
clean and slow running from paddy fields at the top of mountain to the paddy in the lower 
part of mountain gradually. It makes an ideal place forAn. minimus breeding in the province, 
particularly in the Red River basin areas (Dong, 1993). Therefore, the more the paddy around 
households would increase breeding sites and thcreaficr would increase the density of An. 
minimus and An. sinensis. More paddy progressively increased the risk of malaria and 
W14- 5%-*. +" (a this is consistentghe theory of paddy providing i. - breeding places for An. minimus 
and An. sinensis in the study area. Subsequently, there is increased contact between the 
mosquitoes and man, and, man would be at a higher risk of malaria both for P. falciparuni 
and P. vivax. 
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6.2.3 The effect of forest on the risk of malaria 
The association between forest and risk of malaria in the administrative villages was studied 
in the ecological study as shown in Chapter 4. Although it showed a trend of ' ýý more forest 
and the higher risk of malaria, the association was not statistically significant. The 
interpretation of the results might be either that, because of the relative small number of 
administrative villages under study, there was not enough power to detect such an association 
in the study area. Alternatively the lack of association between two variables might be due to 
the quality of data, for instance, out of date land use map, malaria reporting variation among 
the administrative villages and unavailability of the confounding variables for correction of 
the model etc. "Ecological fallacy", might also result in the inconclusive results 
In the prospective cohort study, a definite positive association between risk of P. vivax and 
forest in the study area emerged in all final models. There is also a general trend of positive 
correlation between risk of P. falciparum and forest, but the association is not statistically 
significant, probably due to few cases and inadequate power to get significant results. 
Nevertheless, we can conclude that the study revealed a strong association of risk of malaria 
and forest. 
Although the effect of forest dramatically increased the risk of vivax malaria at the fourth 
quintile there was no further increasing at the fifth quintile as shown in Table 5.25 of Chapter 
5. The results suggest that mosquitoes might need at least certain amount of forest (threshold) 
to maintain their density and malaria transmission. More forest doesn't progressively increase 
the risk of malaria, perhaps because there might be no linear correlation between the amount 
of forest and the length of forest edges, which provides the vital environment for An. inininius 
breeding in the study area (Dong, 1993). Forest edge may reach a maximum or plateau at 
forest well short of complete coverage., 
Forest has been linked to malaria for centuries. The common theory of the origin of malaria is 
that the natural focus of co-evolution between man, mosquito and malaria parasites lies in the 
tropical forest and it spread afterwards to other places (Coatney, 1971; Brucc-Chwatt, 1988; 
Poolsuwan, 1995). Forcstý is particularly a problem for malaria in the Southeast Asia, as 
extensively reviewed in a book edited by Sharma and Kondrashin (1991). In Bangladesh, for 
instance, forest accounted for 16.4% of their total land, and forcst-rclated malaria cases 
accounted for 80% of the total cases of malaria; 70% of the forest malaria was P. falciparuni 
200 
infection (Haq & Maheswary, 1991). In India, 54 million "tribes" of various ethnic origins 
live in the forest areas and account for 7% of total population contributed 30% of total 
malaria cases, of which 60% of them were P. falciparum infection in 1987 (Narasimham, 
1991). In Myanmar, about 60% of all malaria cases are reported from forest and forest fringe 
areas while the remaining 32% cases are reported from non-endemic areas as a results of 
malaria diffusion or migration (Tin & Tun, 1991). Therefore, there is clear evidence of 
malaria associated with forest in the Southeast Asia region, particularly with P. falciparum. 
Nevertheless, all the studies above are based on routine reports. The "forest related" malaria 
is surrogate for a group of environmental, socio-economic and human behaviour variables 
which are aggregated in the forest, such as, deforestation, mining, migration, and poor health 
services etc, as discussed by Kondrashin et aL, (199 1). 
The difficulty of analysis of the effect of forest on the risk of malaria was due to the way of 
measuring of the amount of forest prior to availability of GIS and remotely sensed technology 
such as satellite imagery and GPS. Traditionally, one might crudely define a village or 
household within forest or outside of forest, or roughly the distance from the forest fringe 
(Kalra, 1991). It was not feasible with traditional malariological methods to accurately 
measure the amount of the forest around households, nor the exact distance between the 
household and forest fringe, especially when studying a large number of households sprcad 
over a very large area prior to availability of GIS and remote sensing. 
The majority of An. rninimus was breeding in slow running water of streams and in clear 
water bodies at the edge of forest in Yunnan (Zhou, 1991; Dong, 1993). A summary review 
by Dong (1993) showed that 55% to 85% of mosquito breeding was in the clear streams, 
mostly near the forest fringe. Therefore increasing the forest edge would lead to more 
breeding places and consequently increase malaria transmission. 
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6.2.4 Migration: one of main malaria determinants in the study areas 
Around 14% of the study cohort had experience of temporary migration to high-risk areas at 
low altitude areas for mining, and agriculture during the 7-month study period. Most of 
the migrating population were adult males, and came from villages with an altitude over 
1,200m, where malaria is not generally endemic. On the whole, the population with history of 
migration during the study period contributed 61.3% (400/652) of malaria cases in the study 
cohort. In the crude analysis, the relative risk of malaria of the migratory population was 
around 10 fold as compared with that of non-migratory people as shown in Table 5.11 
although this comparison has a number of problems such as the comparability of the two 
groups by age and sex etc. The study provided strong evidence that temporary migration was 
the major malaria determinant in the study area, particularly for the population who lived in 
the high altitude areas. 
Population migration has been long recognised as a major factor of increasing the risk of 
malaria. Ross (1911), for example, described the cases of malaria related to population 
movement. He defined them either as imported cases, when the infected person immigrates 
into the locality; or extraneous infected cases, where persons contract malaria from a locality, 
outside their usual habitation. In Africa, Walton (1947) found that the entomological data 
collected in Freetown, Sierra Leone, couldn't totally explain the relatively higher risk than 
expected among the young population, suggesting the majority of these infections where 
contracted the outside the local area. - During the period of the global malaria eradication 
programme, WHO (1957) considered this a special problem that could be seriously impact 
the success of the eradication programme. 
One of the early studies in Yunnan China indicated that malaria cases in Yunnan, especially 
the 'malignant type' due to A falciparum, were clearly linked to travelling for trade to 
Myanmar (Faust, 1926). In 1919, a 'malaria' outbreak in Simao was due to infection being 
brought to the city by soldiers, who. contracted it from the civilians on the border. Huge 
migration of population has acted as a driving force for malaria transmission in Yunnan in 
recent years (Zhu et al., 1994). But most of the previous studies were of long tcrm, movement 
in Yunnan, as reviewed by Xu and Liu (1997). The present study focused on temporary 
migration among the local population within the study area. Higher risks among the people 
with a history of migration might have a number of causes. First movement from one set of 
environrnents to another might result in the exposure to vectors of malaria. Secondly, 
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movement brings different groups of people into contact with one another and increases the 
possibility of transmission of diseases. Thirdly, physical or psychological stress might result 
from movement and therefore might make people more susceptible to the malaria. It seems 
clear that the first of these predominates in the study area. 
6.2.5 Use of mosquito nets was protective 
Mosquito nets have been long considered an effective method to protect against mosquito 
biting and reduce the risk of malaria (Lindsay & Gibson, 1988; Curtis, 1992). A surprising 
finding in the crude analysis of the phase 2 study, however, was that the users of mosquito 
nets were at a higher risk of malaria, particularly for P. falciparum malaria infection. 
Mosquito net users had 1.26 fold and 2.43 fold risk of P. vivax and P. falciparum indigenous 
malaria as compared with non-users of mosquito nets in the study area. More detailed 
analyses revealed that most mosquito net users resided in the lower altitude areas where 
mosquitoes were at the highest density and therefore malaria transmission was very intensive. 
The protective efficacies of mosquito nets against P. vivax and P. falciparum were 40% and 
29%, respectively in the final multilevel Poisson regression models. The interpretation of the 
differences of the protective efficacy of mosquito nets on P. vivax and P. falciparum should 
be made with caution. It might be due to chance because the 95% confidence intervals of two 
point estimates of RRs (Table S. 24 and Table 5.26) overlapped. The relatively small number 
of P. falciparum malaria cases make the point estimate of RR very unstable with a wide 
confidence interval. On the other hand, mosquito net users resided in the low altitude areas, 
and also the dominaltt* parasite species was P. falciparum in the low altitude areas, so some 
temporarily migrants population might be infected with P. falciparum and then be 
misclassified as indigenous cases without nets in the high mountain area. Consequently, the 
misclassification could dilute the measured protective efficacy of mosquito net against P. 
falciparum infection. ,I- 
Several studies have been investigated the effect of mosquito nets on malaria morbidity 
recently. Here, and in the field study, the effect of untreated mosquito net is being considered. 
In The Gambia, retrospective studies revealed mosquito nets had a strong protective effect on 
parasite parasiternia and spleen rates. After accounting for ethnic group and the places of 
residence, a significant inverse correlation between splcnomegaly and the use of mosquito 
nets remained (Bradley et at., 1986, Campbell el al., 1987). But a further randomised control 
trial among The Gambia children indicated that there was no significant difference in the 
2031- 
incidence of clinical attacks of malaria among the bed net users and non users although less 
clinical attacks were demonstrated among children using mosquito nets (Snow et al., 1988). 
But the authors noted that a significant number of children left their nets for a period during 
the night. A larger study later in The Gambia revealed that untreated mosquito nets provide 
some individual protection against malaria, although not as efficiently as that provided by 
insecticide-treated mosquito nets (D'Alessandro et al., 1995). That mosquito nets are 
protective is consistent with entomological studies which have found the mosquito nets deter 
biting by mosquitoes, resulting in reduced feeding success (Lines et al., 1987) and a lower 
human blood index (Lindsay et al., 1989; Burkot et al., 1990). One interpretation of the 
protective effect of mosquito nets in the study cohort might be due to increasing infection in 
non-mosquito net user because of diversion of mosquitoes to these non users and not due to a 
reduction in malaria morbidity in the mosquito net users (Lines et al., 1987). This possibility 
is small in the present study. Because only a small proportion of population in the study 
cohort were mosquito net users, and one of two vectors, An. sinensis, prefers animal blood in 
the study area, it is unlikely that the diversion of mosquitoes from mosquito net users to non- 
users caused these differences of the risk in malaria among mosquito net users and non-uscrs. 
Another study in The Gambia (Thomson et al., 1994) showed that mosquito net usage was 
strongly correlated with vector density and the highest malaria rates were found in villages 
where mosquito net use was relatively low. They concluded that in The Gambia malaria 
prevalence rates are reduced where nuisance biting by mosquitoes is sufficient to encourage 
the population to protect themselves with mosquito nets. The results of the present study arc 
similar to those in The Gambia, although the overwhelming evidence is that insccticide- 
treated mosquito nets are protective and that mosquito nets are much less effective until 
treated with insecticide (Snow et al., 1988; Lengeler, 1998), The present study, however, has 
shown that mosquito nets are protective and the protective effect was unlikely to be due to 
diversion of mosquitoes to non-users of mosquito nets. 
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6.3 Implications of the study findings for the control and surveillance of malaria 
Yunnan is one of the most highly endemic areas for malaria in China, particularly in the Red 
River basin and its border areas. Traditional intensive surveillance systems for malaria are 
becoming unreliable. The terrain shows considerable variation and some of it is relatively 
inaccessible. The environmental or land use pattern, particularly in the lower altitude areas, 
keeps on changing due to overpopulation. Migration causes malaria outbreaks among 
migratory people themselves and the local population. The present study used GIS, integrated 
with satellite imagery data and malaria data to identify malaria risk factors related to 
environmental and human behaviour variables and to develop a predictive model in the hope 
of predicting malaria high risk areas and outbreaks, and guiding malaria control in the Red 
River basin area. 
The findings of the study have shown that the spatial distribution of indigenous malaria was 
mainly detennined by landscape and land use variables in the study areas, altitude, paddy and 
forest. The dominant determinant is altitude. The results of ordinary and multilevel modelling 
of Poisson regression analysis revealed that the population living in the areas with altitude 
above 800 metres had less than one fifth of the risk of malaria of those who resided in the 
area with altitude below 800 metres. We further tabulate malaria incidence rate against 
different altitude categories for the local none temporarily migratory population. As shown 
in Table 6.1, the areas below 800 metres had 8.5% of total population, but account for 31.7 
of total malaria cases among non-migrated population. The areas below 1,200 metrcs had 
only 35.2% of total population, but account for 62.3 % of total malaria cases among non- 
temporary migration population in the study area. 
Table 6.1. Malaria distribution of non- temporary migrated population at di ffercnt altitude catcgorics 
Altitude Pop. Pop. Cases Incidence 
rate (%) 
RR Cumulated 
cases (n) 
Cumulated 
cases 
Cumulated 
population 
N 
<800 1,783 8.5 80 4.5 1.00 80 31.7 8.5 
-1,200 5,579 26.7 79 1.4 0.31 157 62.3 35.2 
-1,350 4344 20.8 30 0.7 0.16 187 74.2 56.0 
-1,500 6,140 29.4 47 0.8 93.7 85.4 
>1,500 3062 'JA 1; 11; 100 100 
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Paddy and forest also contributed to significant variation of malaria in the study area, 
particularly in the middle and high altitude areas in the study cohort. They provide vital 
environments for An. sinensis and An. minimus for breeding sites and increase the density of 
mosquitoes. The findings imply that the development and reuse of the land in the Red River 
basin area should be very careful under the current land pressure due to overpopulation in the 
middle and higher mountain zones. Future developers of land should be aware of the 
potential malaria and other vector bome disease risk arising from expansion of paddy fields, 
which will provide breeding sites for An. sinensis and An. minimus, particularly in the middle 
and lower altitude area. A major problem in Yunnan, China today is that health 
considerations usually rank well below agricultural priorities in re-used land for agriculture; 
there seems to be a desire to maximise food production and direct financial benefit almost at 
whatever cost, due to overpopulation in the province. Deforestation might increase the forest 
edges and increase the breeding sites for anopheline mosquitoes in the study area. The 
consequence of this kind of development of the land into paddy and deforestation would 
results in malaria outbreaks or epidemics in the Red River basin area as well as other border 
areas of Yunnan province, China. Yet if the health component is forgotten the full benefits of 
agricultural development cannot be fulfilled. 
As discussed in last paragraph, environmental features, particularly land use patterns were 
continuing to change due to overpopulation in the Red River basin area today. A large 
amount of forest has been cut down in the area. Some land has been developed into paddy 
fields. It is impossible for the ground-based malaria worker to be aware of where the forest 
have been cut down and where the lands have been developed into paddy fields in a vast area 
like the whole Red River basin area. Satellite remote sensing provides continuing 
measurements of environmental and ecological variables on a relatively short temporal cycle 
making it particularly valuable for monitoring such changes in the area. They would quickly 
help malaria epidemiologists and malaria control authorities to be aware of where new paddy 
has been developed and forest has been cut down in the area. By the integration of land use 
change from a satellite imagery data and altitude data in a GIS with the spatial predictive 
model developed in this study, they can identify malaria risk and likelihood of malaria 
outbreaks in the changed enviroru-nent areas to some degree. Then necessary malaria control 
resources should allocated in time. I 
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The finding of the studies have also shown that human behaviour plays a very important role 
in malaria distribution in the study area. People with a history of temporary migration were 
found to have a much higher risk of malaria in the study area, particularly for P. falciparum 
malaria infection. 14% of the study cohort with a history of temporary migration accounted 
for 61.3% of total malaria cases in the study cohort. People with a history of temporary 
migration had 10-fold higher risk of malaria as compared with that of the non-migratory 
population during the study period. A further danger of the temporary migration is that those 
people could bring malaria parasites back to their own villages leading to malaria 
transmission and even outbreaks if the landscape and land use conditions favour malaria 
transmission (Xu & Liu, 1997; Zhang et al., 1992). Therefore, specific malaria control 
strategies should be studied to prevent this highest malaria risk but a most productive group 
in the Red River basin area. Temporarily migrating populations, however, are very mobile yet 
with little or no immunity to malaria. The places they work are at the low altitude areas where 
malaria is extensively transmitted. Their residence places are usually temporary huts, not 
effectively protected by spraying an insecticide such as DDT, which is currently practised 
malaria control policy in the Red River basin area, Yunnan. Chemoprophylaxis and other 
control measures need to be explored for the highest risk groups in the Red River basin area 
although it would have the danger of selection pressure for the emergence of resistance 
(Gilles & Warrell, 1993). 
Mosquito nets provided significant protection against indigenous malaria in the study cohort. 
The protective efficacy for A vivax and P. falciparum were 40% and 29%, respectively. If all 
the population used mosquito nets, it would decrease malaria risk in the Red River basin area. 
Nevertheless, only less than one fifth of the total population in the study area own mosquito 
nets, although 57% of population in the area with altitude below 800 metre used mosquito 
nets. The first priority of malaria control strategy in the immediate future is to encourage 
local residents and 'downhill' migrants to use mosquito nets in the Red River basin area and 
to ensure these are regularly treated with insecticides. 
The complexity of the modelling, and especially the need to collect primary data in the field 
to compensate for the limitation of routine surveillance, have limited the degree of other 
exploration of the model's use for control proposes, but multilevel modelling provcd a useful 
tool for handling the variation in reporting by area, in seeking environmental determinants. 
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The finding that migration was the predominant single determinant of malaria risk shows a 
clear limitation on the value of spatial modelling as a guide to control programmes: the map 
can show areas of high transmission risk but will be much less good to indicate places with 
concentrations of patients. Moreover, the areas with a very high relative risk for indigenous 
acquired malaria have a limited population and therefore do not account for the preponderant 
case loads. Therefore, malaria control strategy making should be based on information on the 
high transmission areas identified by GIS and remote sensing modelling and on high risk 
population groups from epidemiological study. In present cases, we might use GIS to map 
high malaria transmission zones based on information on altitude, paddy and forest, but 
specific attention should be paid to the temporary migrant group in future malaria control 
programmes. 
6.4 Future research 
The present study grew to a large undertaking, due to the need for primary incidence data of 
high quality. However it still raised many further questions beyond its current scope. Such 
future research could include the following: 
1. The model validation and malaria mapping and prediction in the Red River basin area. 
A further study should be carried out in other places of the Red River basin area, so that 
the model developed in the phase II study could be validated. After the validation of the 
model, a predictive malaria transmission map should be produced in the Red River basin 
area based on the spatial predictive model. Nevertheless, such a validating study needs re- 
running with a much large population of 'gold standard', upgraded routine surveillance in 
a relatively large area by local malaria control authorities to obtain more accurate malaria 
data that would be more cost-effective in terms of testing the model. Similarly, a spatial 
predictive model of malaria should be developed by using GIS and remotely sensed data 
in the border areas of Yunnan, where malaria is highly endemic, and the areas are 
different from the Red River basin in terms of landscape and ecology. The models being 
developed for the Red River basin and border areas in Yunnan might help other countries, 
particularly in Southeast Asia to understand malaria transmission and its spatial 
distribution patterns in their countries, such as Thailand, P. R. Lao, Vietnam, Cambodia 
and Myanmar, which have similar landscape and ecological environmental situations to 
the Red River basin and border areas of Yunnan. 
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2. Malaria and its vector mapping in Yunnan. Based on the results of present study, the 
previous literature as reviewed in Chapter 2, the preliminary GIS mapping on malaria in 
Yunnan (Hu et al., 1998; Kidson et al., 1999), malaria is strongly correlated with altitude 
and vegetation (forest and rice) in Yunnan. Malaria and its vector spatial distribution 
should be able to be mapped based on the two variables in the province. Low resolution 
satellite imagery data, such as AVHRR-NOAA and Meteosat-HRR, can be used to map 
the vegetation and meteorological conditions in the province. By integration of vegetation 
and meteorological data derived from AVHRR-NOAA or Meteosat-HRR, meteorological 
data on the ground, digital elevation model (DEM) of the province and malaria data in 
Yunnan into a GIS, we can model the malaria and its vector spatial distribution. 
Subsequently a malaria risk map should be developed in the province. Nevertheless, 
meteorological satellite data will only help map malaria and its vector with lower 
resolution in the province, but the local variation of malaria will need the higher 
resolution satellite data such as Landsat TM data and SPOT imagery data as described in 
the present study. Mapping malaria and its vector in Yunnan as a whole should combine 
the theoretical (experimental approach) model of climate suitability of malaria 
transmission and an empirical model of the disease (regression approach). 
3. Malaria drug resistance mapping in Yunnan. Anti-malarial drug resistance is a serious 
problem of malaria control in Yunnan. But only very limited data are available to make 
up the picture of anti-malaria drug resistance as shown in Figure 2.4 of Chapter 2. Using a 
GIS to integrate the drug resistance data and other data sources might help to map and 
predict the spatial distribution of drug resistance malaria in the Province once a more 
substantial body of data is gathered in the field. The first step of the mapping should 
develop a climate suitability model and empirical model to map P. falciparum malaria 
distribution in Yunnan. And the second step might use a regression approach or 
interpolation approach such as kriging to predicted the detail spatial distribution of drug 
resistance to P. falciparum in the province and even the whole Southwest of China. 
4. Researching on improving use of mosquito nets. The methodology to encourage 
insecticide treated mosquito nets should be developed in the Red River basin area. In 
order to achieve the objectives, the socio-economic behaviour of the population related to 
the use of mosquito nets will need to be studied by a social scientist. 
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5. The assessment of the efficacy of insecticide treated mosquito net against malaria in 
Yunnan, China. Although the use of mosquito nets was found to be effective against 
malaria in the present study, the protective efficacy of mosquito nets might be enhanced 
by treatment with insecticide (Snow et al., 1988; Lindsay et al., 1989; Burkot et al., 1990; 
D'Alessandro el al., 1995). Only very limited data were available on the efficacy of 
insecticide treated mosquito nets against malaria and its vectors in Yunnan (Zhang & 
Yang, 1996) although considerable studies on mosquito nets treated with insecticides 
were carried out in other parts of China (Luo el al., 1994a; Luo et al., 1994b; Luo et al., 
1996; Guo et al., 1996). The efficacy of mosquito nets impregnated with pyrethroid 
insecticide should be studied as a tool to control malaria in the Red River basin area. A 
village- based randomised control trial should be designed and implemented to assess the 
efficacy of mosquito nets impregnated with pyrethroid insecticide against malaria, An. 
sinensis and An. minimus in the Red River basin area and also other areas of Yunnan 
where people have different customs and behaviours. 
6. Malaria control strategy study on temporarily migrating populations. An effective 
surveillance and preventive strategy for malaria in the migratory population should be 
sought urgently. One of the strategies for malaria control for temporary migration 
population to high-risk area is chemoprophylaxis. Little study has been done on the 
protective efficacy of chemoprophylaxis in Yunnan, or on the use of mosquito nets by 
these Migrants. The potential effect of temporary migration on the risk of malaria in local 
villages from which the migrants come should also be a priority for the future research. 
6.5 Sunjolary Wild conclusion 
The malaria situation has been deteriorating in the Red River basin, Yunnan in recent years as 
a result of environmental changes, deforestation, reused land, and increasing migration in the 
region. The present study used GIS and remotely sensed satellite data to identify malaria risks 
related to 
landscape 
and environmental factors, in the hope of finding useful environmental 
indicators to Predict in ý which areas resources should be concentrated to have maximum 
benefit jo the ked River basin area. 
The stu6y w"ý carried out in Yuanyang County of the Red River basin area, Yunnan, China. 
The stUOY w44 'divided into two phases. The phase I study was a retrospective study. Malaria 
and poV Ulatio data in unit of administrative village were collected in 131 administrative 
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villages of the county. Multilevel logistic regression models were used to model the malaria 
data and landscape and environmental variables derived from GIS over a series of maps. The 
results of the analyses revealed that malaria spatial distribution of malaria was determined by 
their altitude and land use pattern in the administrative villages. Malaria was negatively 
correlated with mean altitude of administrative villages, but paddy in the administrative 
villages would increase the risk of malaria in the villages. 
Phase II study is a prospective study. The study was carried out in the Feng Chun Ling 
Township of Yuanyang County. The population of 24,280 in 5,007 households were included 
in the study. All household locations (identified by GPS), updated land use map (derived 
from a SPOT 4 image) and malaria databases were integrated into a GIS. GIS spatial analysis 
function was used to quantify altitude and land use variables in the study cohort. 
The results of multilevel Poisson regression analysis revealed that the mosquito nets were 
protective for the malaria. The protective efficacy for P. vivax was 40% and P. falciparum 
29%, respectively. The people with history of temporary migration during study had around 
10-fold risk for malaria as compared with those of population without any history of 
migration in a crude analysis. The analyses also indicated that malaria was negatively 
correlated with altitude for both P. vivax and P. falciparum. But more paddy and forest would 
increase the risk of malaria, although the effect of forest on malaria was not linearly 
correlated. Once the amount of forest reached a certain threshold, no further increasing of the 
risk of malaria occurred. Presumably, the amount of forest edge for mosquito breeding was 
not linearly correlated with the amount of forest. Deforestation would increase the forest edge 
in the dense forest area, consequently would tend to increase mosquito density. 
In conclusion, malaria transmission in the study area was mainly determined by the 
environmental variables particularly altitude, paddy and forest in the Red River basin area. 
But human behaviours such as the use of mosquito nets and temporary migration also play a 
very important role in the spatial pattern of malaria in the study area. Malaria control and 
surveillance should focus on the lower altitude area and on the mobile population in the Red 
River basin area. The overall temporarily migrated population plus population living below 
1,200 metres accounted for 44.2% (10734/24280) of total population, but accounted of 85.7% 
(559/652) of total malaria cases during the study period, while migrant plus those living 
under 800 metres account for 73.6% (480/652) of cases in only 21.2% (5155/24280) of the 
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population as shown in Table 6.2. Therefore, malaria control and surveillance should focus 
on population living in the lower altitude areas and temporarily migrating population. Future 
development of land should be aware of the potential malaria and other vector borne disease 
risk arising from expansion of paddy field and deforestation, which will provide breeding 
sites for mosquitoes, particularly in the middle and lower altitude areas. Subsequently, they 
might result in malaria and other vector borne disease outbreak or epidemics. Mosquito nets 
should be encouraged for use in the Red River basin area. Chemoprophylaxis might also be 
considered. Certainly control measures need to be explored for the temporarily migrating 
population in the Red River basin area. 
Table 6.2. Cumulative malaria distribution based on altitude and temporary migration 
variables in the study cohort 
Pop. Pop 
.% 
Cases Incidence 
per 1000 
RR Cumulated 
cases (n) 
Cumulated 
cases (%) 
Cumulated 
J20P. (%) 
Migr fing 3,372 1369 400 118.6 17.2 400 61.3 _ 13.9 
Indigenous 800 m 1,783 7.3 80 44.9 6.5 480 73.6 21.2 
Indigenous 800 -1,200m 5,579 23.0 79 14.2 2.1 559 85.7 4.2 
Remainder 13,546 55.8 93 6.9 1.00 (93) (14.3) (55.8) 
Total I 24,280_ LIOO 1 652 1 26.9 1 0.11 1 252 1 100 100 
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Appendix 1. Questionnaires 
Form 1. Census form 
Name/ID 
Name of administrative village/Code No. 
Name of village/Village code 
Name of household/Household code 
Sex (male=O female= 1) 
Date of birth 
Ethnic group 
Education 
I Illiterate 
2 Elementary school 
3 Junior high school 
4 Senior high school 
Do you use mosquito nets (yes=l, no=O) 
Form 2. Geographical location recording form 
Name of household/Household code 
Name of villageNillage code 
Name of administrative village/Code No. 
Geographical location of household by GPS 
Nature of house 
I Temporal hut 
2 Built with earth brick and straw roof 
3 Built with cement bricks or regular board 
IIIIII 
III 
FT-1 
F71 
F-1 
F-1 
F-1 
IIIII 
Lii 
Lii 
11111111 
IIIIII Ii 
m 
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Form 3. Febrile patient recording form 
Name/ID 
Name of administrative village/Code No. 
Name of villageNillage code 
Name of household/Household code 
Sex (male=O female=l) F-1 
Date of birth 
Date of first febrile episode in last 7 days FT T71 I 
Did you visit (work) in the low altitude area in the last month (yes= 1 no=O) F-1 
If yes, when did you start =visiting the lowland 
Date. of visit j 
Code No. of blood slides 
Method of slide collection (active=l, passive=2) F-1 
Form 4. Malaria case recording form 
Name/lD 
Name of administrative village/Code No. 
Name of villageNillage code 
Name of household/Household code 
Sex (male=O female=l) 
Date of birth 
Date of slide collection 
Date of slide examination 
Malaria parasite (Negative=O, P. vivax--1, Afalciparum=2, mixed=3) Fý 
Laboratory Techinician 
Feature of infections (indigenous=l, imported = 0) 
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Appendix 11 
Location of GCPs on image and in UTM co-ordinates, with RMS error 
GCPs Input x Input y Output x Output y 
1 162.188 -114.813 302086.168 2558930.187 
2 227.313 -129.188 303345.982 2558436.703 
3 314.813 -189.313 304851.896 2556952.332 
4 762.375 -203.875 313582.288 2555059.569 
5 762.125 -249.125 313425.992 2554166.267 
6 834.863 -288.063 314745.500 2553149.964 
7 968.625 -273.875 317429.942 2552932.353 
8 387.875 -365.875 305696.592 2553184.721 
9 596.875 -361.125 309830.554 2552562.440 
10 653.156 -386.906 310826.073 2551820.595 
11 375.125 -695.125 304317.374 2546750.790 
12 98.625 -820.125 298441.986 2545265.520 
13 319.938 -903.938 302508.257 2542799.322 
14 309.938 -1007.938 301958.309 2540840.519 
15 377.438 -1066.938 303059.414 2539419.951 
16 355.031 -587.031 304314.338 2548919.880 
17 768.656 -500.031 312740.445 2549190.756 
18 814.781 -579.781 313404.653 2547422.668 
RMS error 0.834 
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